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Integrated Simulation, Fabrication and Characterization of 
Micro and NanoOptical Elements 



CLAIMS 



1 A method and a device in which arbitrary micro and/or nano structures are produced at 
the end of an optical fiber or hollow fiber or low index waveguide or high index 
waveguide or other such geometry for modulating a light beam transmitted throiigji the 
Gber or other waveguide in a procedure that uses a theoretical simulation of the light 
modulating parameters based on an exact numerical field calculation inside and beyond 
the end of the fiber or waveguide, a method of production of the simulated micro and/or 
nano optical structure by a combination of technologies that produces tiie optical element 
without or with tapering using pulling and/or mechanical and/or laser polishing and/or 
heating, with and/or without etching and/or writing and/or masking with or without 
imposed radiation and with or without photoresist and/or other sinailar procedures and/or 
imprinting and/or molding and/or deposition depending on the parameters of the micro 
and or nano optical structure that has to be achieved and this combination of fabrication 
techniques being guided by integrated simulation and a characterization tool that is a 
critical part of the process which allows highly accurate geometric and light profiling of 
the micro and/or nano optical structure at the surface, in the near-field or at specific 
distances above the micro and/or nano optical stracture with little contribution &om out- 
of-focus ligjit so that the phase properties of the wavefiront can accurately be 
characterized in a way that is totally integrated with atomic force topographic imaging 
and/or other scanned probe methods (SPM) for micro and or nanoscopic characterization 
and/or with light wave measurements such as return loss, polarization dependent loss, 
coupling efiSciency and otiier similar parameters and that these methods are also totally 
integrated with far-field optical characterization and this integration of the simulation, 
production and characterization is a realization that near-field optics within this context 
of integrated characterization, simulation and production is the critical missing link that 
facilitates such multistep procedures for optical elCTient production. 

2. A method and a device as in claim 1 that integrates between theory, characterization 
methodology and integrated production methodologies that allow for the control of 
fabrication and the generation of structures that could not be fabricated or whose 
fabrication could not be controlled before the realization of such integrated and 
interconnected methodologies of simulation, production and characterization that had not 
been applied to guide the fabrication techniques of micro and/or nano optical components 
before the inventive steps of this patent. 

3. A method and a device as in claim 1 and 2 for the fabrication of ndcro and/or nano 
optical structures that requires the accurate characterization of mode field diameters or 
spot sizes at distances that are relatively short compared with conventional far-field 
optics in order to overlap such mode field diameters between a fiber with an integral 
optical element and another optical device that needs to be coupled to the integral fiber 
optical element or other optical device with high coupling efSciencies. 

4. A method and a device in claims 1-3 for the production of integral fiber and otiier 
micro and/or nano optical structures in which far-field measurements and/or paraxial 





aH)roxiniation based simulations do not provide the necessary information to guide the 
fabrication of the lens and all of its parameters. 



5. A method and a device as in claims 1-4 that presents a solution for the first time based 
on flie appUcation of near-field optical tool in the problem of simulation and production 
of the waveguide including fiber integral micro and/or nano optical structure which has 
prevented previous inventions firom achieving the accuracies required for miniaturized 
optical components because of the lack of a near-field optical characterization tool in the 
Iterative loop of production and/or exact numerical field simulation fliat guides the 
fiibrication in the current invention. 

6. A method and a device as in claims 1-5 that presents the first solution of the integral 
fiber and other micro and/or nano optical stiucture problem in which the theory allows 
for an exact numerical field calculation mside and outside the integral fiber or other 
micro and/or nano optical structure that permits an analysis in terms of coupling 
efiBciency, beam waist diameter, working distance taper angle, radius of curvature and 
other such parameters and thus, the theory becomes a tool for designing an optimal 
mtegral fiber or other micro and/or nano optical structure and the coupling between these 
structures. 



7. A method and a device as in claims 1-6 m which the combination of theoretical 
simulation, near-field optical and its associated methodologies and the iterative guiding 
of the combination of production techniques allows for hi^ efficiency coupling. 

8. A metiiod and a device as in claims 1-7 in which the core has a conical sh^e with the 
angle determined by tiie t^er angle and the core to cladding diameter ratio with the 
mterface between cladding and air considered to have a hypeiboUc shape with this shape 
descnbed by two parameters which are the asynqatotic angle and flie radius of curvatiire 
at the height of the hyperbola where the asymptotic angle is assumed to be tiie same as 
the tapec angle. 

9. A method and a device based on claims 1-8 that allows micro-optical structures that 
were unable to be achieved previously with waist diameters that are less tiian 3 microns 
mcluding in cases where, for wavelengths of 1.5 n, waist diameters of 1.6 n are 
achievable and that such structures allow for large coupling efSciencies over 80 % for 
waist diameters between 2 and 3 microns and over 90 % for waist diameters above 3 
microns. 



10. A metiiod and a device as in claim 1-7 for the fabrication of otiier components tiiat 
can achieve oflier micro and/or nano optical spatial and temporal modulation as integral 
or not integral devices to fibers, waveguides or other optical structures including mode 
convertors, couplers, multi lens arrays and oflier solutions such as 
microelectromechanical devices in ^ass or other materials tiiat will not be able to achieve 
then: desired results without tiie integration of flie simulations and the characterization 
that are an essential part of tiiis mvention as described in claim 1-7. 
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11. A method and a device as in claim 1-10 based on field calculations utUizing a finite 
element method for nmnencal solution of partial differential equations that rea^ that 
tins IS critical conq)onent m simulations of the devices in claims 1-10, where the 
febncation parameters are monitored experimentally with near-field optics integrated 
wia far-field optical characterization and with atomic force imaging Md other Sanned 
probe methods and the theoretical constraints are adjusted based on the results of the 
expermental measurement where these aspects of the invention allow for multi 
procedure production methodologies. 

^^J^!?u^°^ * ^^"T^ ^ ^ ""^^ 1-7, 10 and 1 1 in which the theory allows us to 
predict the parameters of the fiber lens or other micro and/or nano optical structure that 
for a given waist diameter will give maximum coupling efficiency. 

13. A method and a device using a combination of claims 1-12 in which the theory 
aUows us to predict the parameters of the fiber lens or other micro and/or nano optical 
structure that for a given waist diameter will give maximum coupling efficiency. 

14. A method and a device as in claims 1-7, 10 and 1 1 in wMch near-field optical 
measuranents allow us to practically confirm the theoretical predictions and allow for 

hmdmhandcharacterizationoffiberlens and oflier micro and/ornano structiire 
fabncation metiiods. 

15. A method and a device using a combination of claims 1-13 in which near-field 
optica measiffements aUow us to practicaUy confirm the flieoretical predictions and 
aUow for hand m hand characterization of fiber lens and other micro and/or nano 
structure febricationmefliods. *"«mu 

16. A method and a device as in claims 1-7.10 and 1 1 m which a methodology of 
ttieoretical snnulations witii adjusted boundary conditions iteratively defined by near- 
fteld optics and its associated measurement techniques allows for the availability of exact 
field calculations as an effective method for design of micro and nano optical elements in 
which tiie goiCTal far-field optical approximations partially or completely fail and for 
which near fie d and associated measurement of the field emerged fix>m flie fiber lens is 
tfiie only rehable method for its characterization and for which tiie generally used far-field 
charactenzation methodologies are not valid for the conq)onents described in this patent 



17. A method and a device using a combination of claims 1-15 in which a methodology 
ot tteoretical emulations with adjusted boundary conditions iteratively defined by near- 
nem optics and its associated measurement techniques allows for the availability of exact 
field cdculations as an effective metiiod for design of micro and nano optical elements in 
Which the gaieral far-field optical approximations partially or completely faU and for 
which near fie d and associated measurement of the field emerged from the fiber lens is 
the only rehable method for its characterization and for which the generally used far-field 
characterization methodologies are not valid for flie components described in tiiis patent. 



18. A method and a device as in claims 1-7, 10, 1 1 which allows for a synergistic 
integrated interaction producing a coordinated interplay of parameters with what has been 
considered to be alternate technologies in fiber lens formation and/or have never been 
used in fiber/waveguide lens formation and these alternate technologies include the 
production of optical elements without or with tapering using pulling and/or mechanical 
and/or laser polishing and/or heating, with and/or without etching and/or writing and/or 
naasking with or without imposed radiation and with or without photoresist and/or other 
similar procedures and/or imprinting depending on the parameters of the micro and or 
nano optical structure that has to be achieved 

1 9. A method and a device using a combination of claims 1-17 which allows for a 
synergistic integrated interaction producing a coordinated interplay of parameters with 
what has been considered to be alternate technologies in fiber lens formation and/or have 
never been used in fiber/waveguide lens fomiation and these alternate technologies 
mclude the production of optical elements without or with tapeiing using pulling and/br 
mechanical and/or laser polishing and/or heating, with and/or without etching and/or 
writing and/or masking with or without in^osed radiation and with or without photoresist 
and/or other sinoilar procedures and/or imprinting depending on the parameters of the 
micro and or nano optical stmcture that has to be achieved 

20. A method and a device as in claims 1-7, 10 andl 1 in which it is realized that, 
together with theoretical simulation, the application of the near-field in a way that is 
totally integrated with atomic force topographic imaging and/or other scanned probe 
methods (SPM) for micro and or nanoscopic characterization and other similar 
parameters and that these methods are also totally integrated with far-field optical 
characterization and this integration of the simulation, production and characterization is . 
a realization that near-field optics is critical to not only choose the parameters of the use 
of each of the production technologies but also to choose the selection and the order in 
which the production technologies could be used to achieve a specific, result in order to 
provide not only the type of light distribution in the specific regions required but also to 
obtain registered super-resolution topographic and on-line far-field measurements and 
other parameters such as return loss, polarization loss, coupling efficiency or other 
similar parameters that is cmcial to producing the highly accurate lens structures with 
high centration, coupling efficiency and other related optical parameters- 

21. A method and a device using a combination of claims 1-19 in which it is realized 
that, together wifli theoretical simulation, the application of the near-field in a way that is 
totally integrated with atomic force topographic imaging and/or other scanned probe 
methods (SPM) for micro and or nanoscopic characterization and other similar 
parameters and that these methods are also totally integrated with far-field optical 
characterization and this integration of the simxilation, production and characterization is 
a realization that near-field optics is critical to not only choose the parameters of the use 
of each of the production technologies but also to choose the selection and the order in 
which the production technologies could be used to achieve a specific result in ord^ to 
provide not only the type of liglht distribution in the specific regions required but also to 



obtain registered super-resolution topogrq>hic and on-line far-field measurements and 
other parameters such as return loss, polarization loss, coupling efBciency or other 
similar parameters that is crucial to producing the highly accurate lens structures with 
hig^ centration, coupling efficiency and other related optical parameters. 

22. A method and a device in which a near-field optical aperture, can be as small as 1/10 
the wavelength of light in order to accept light firom a very wide angle and this means 
that the light that is collected only at the aperture has mough fluence to be detectable and 
the light that is collected by such an aperture is not contaminated by out-of-focus light 
that can be as close as 1/10 th the wavelength of light away firom the aperture and when 
Has is added to the fact that the aperture acts as a coherent point source of collection one 
can see that monitoring the distribution of light with such a small near-field aperture in 
the far-field allows for the monitoring of a coherent wavefiront and if such li^t is 
monitored at several optical planes around the focus and/or away fi-om the focus of say a 
lens or other optical device that is being investigated then one can determine, by 
interaction with theoretical simulations, the phase prop^es with hi^ accuracy of tiie 
optical system being investigated 

23. A method and a device as in claim 22 in which the near-field optical technique 
obtains the intensity information not only without lens based distortions but also without 
any out-of-focus contribution and in which the near-field optical methodology of the light 
distribution in one or more optical planes is a trae measure of the intensity at different z 
sections 

24. A method and a device as in claim 23 in which in such a methodology one can 
consider combioing the near-field optical information at certain points with the lens based 
information to obtain rapid analysis of the phase properties at resolutions much better 
than can be obtained with lens based techniques for refiractive index, phase distribution 
and other phase based properties 

25. A method and a device as in claims 22-24 applied in general to problems of coherent 
collection of light without regard to the type of sample or problem under investigation. 

26. A method and a device as in claims 22-25 in which it is realized that the combination 
of near-field characterization integrated with far-field optical characterization and with 
atomic force imaging and other scaimed probe methods allows even for standard far-field 
techniques for phase and refiractive index measurement such as differential interference 
contrast to be considerably improved with such corrections and improvements, not to 
exclude others, as the determination of surface topography, and/or slope, and/or the pohxt 
spread fimction with near-field optical aperture and'or apertures and/or nanometer 
obscuriug with nanoparticles in differential interference contrast in order to remove 
artifacts and improve resolution using these and other characteristics of scanned probe 
microscopy that allow the phase and refractive index properties to be accurately 
measured with small or no errors. ^ 




27. A method and a device in which it is realized that the near-field optical element can 
be combined with fiber couplers and similar element in order to allow mixing of collected 
light that is illuminating ihe device under test in order to investigate phase properties also 
in the mann^ of a fiber interferometer with one of the arms being a near-field optical 
device. 

28. A method and a device as in claim 26 in which a combination of the near-field 
optical device is used to provide a point or multiple point sources of a stable source of 
light for the point spread function (PSF) of the far-field optical imaging system which can . 
be based on confocal difierential interference contrast or differential interference contrast 
with charge coupled device or other wide field or point imaging where such knowledge 

of Ihe PSF is cracial to the high accuracy of the index of refiraction that is needed for the 
fiill characterization of the devices that are part of this patent. 

29. A method and a device as in claim 28 in which the point spread fimction can be 
obtained with the device imder test in place 

30. A method and a device as in claim 29 in which the sample under test contributes 
significantly to the point spread fimction and can alter the point spread fimction at 
different locations in the sanq)le so multiple measurements of the point spread function 
at different locations on the sample may be needed for fiill theoretical analysis of &e 
results. 

31 . A method and a device as in claim 26-30 in which it is realized that glass-puUing or 
molding with glass or plastic technology or other technologies that can produce a near- 
field aperture allows for the production of unique point sources that can add singular 
information on the optical properties of the far-field microscope especially for differential 
interference contrast where one such structure, not to exclude other structures, would be 
the ability to produce a near-field optical element with two tapered fibers in order to 
deliver to the microscope two beanos of controlled polarization and known shear vector 
and thus allowing for a true differential interferrace contrast point spread function which 
is in^ortant for achieving the highest accuracy in index of refraction measmrements 

32. A method and a device as in claim 3 1 in which such structures allow for these near- 
field element based points of light to be present on the optical axis without obstruction 
from the' integral atomic force cantilever that keeps the point of light with extremely high 
stability relative to the sample being investigated using atomic force feedback. 

33. A method and a device as in claims 25-32 in which it is realized that a differential 
interference contrast measurement can be vastly improved by the controlled positioning 
with, for example, an atomic force sensor of a particle or other tip that either alters locally 
and/or nanometrically the dififerential interference contrast image at one position and then 
at another position to in:q)rove resolution 

34. A method and a device as in claim 33 where the controlled positioning is defined a 
number of times and the result, together with the exact 3D position firom the atomic force 





sensor, being used as a constraint for the theoretical calculations outlined above to define 
the optical properties of the device under test including the 3D phase image which is an 
accurate representation of the refractive index in 3D 

35. A method and a device in which one can use any conventional far-field imaging 
system with or without differential interference contrast and sinoply block at certain 
controlled nanometric or nnicrometric positions the rays of ligfht reaching a detector in 
transmission or reflection mode to improve resolution. 

36. A method and a device as in claim 29 in which the information from such nanometric 
or micrometric obstruction, together with the exact 3D position from the atomic force 
sensor, can be used as a constraint with the calculations to deconvolve higih resolution 
images of the device under test. 

37. A method and a device as in claims 22-36 in which highly accurate 3D 
representations of refractive index is used to characterize embedded waveguides and 
waveguides that are not embedded with and/or without the passing through the 
waveguide of radiation in and/or out of the absorption of the waveguide and with cw 
and/or pulsed lasers including ultrafast femtosecond and attosecond lasers in which some 
property such as the refractive index of the waveguide is altered by the passage of the 
radiation and is detected either by a linear or non-linear optical phenomenon 

38. A method and a device based on a combination of claims 22-36 in which highly 
accurate 3D representations of refractive index is used to characterize embedded 
waveguides and waveguides that are not embedded with and/or without the passing 
through the waveguide of radiation in and/or out of the absorption of the waveguide and 
with cw and/or pulsed lasers including ultrafast femtosecond and attosecond lasers in 
which some property such as the refractive index of the waveguide is altered by the 
passage of the radiation and is detected either by a linear or non-linear optical 
phenomenon 

39. A method and a device in which linear or non-linear optical phenomena are used to 
monitor the passage of radiation through a waveguide in which the alteration by the 
presence of the radiation is not the refractive index 

40. A method and a device in which the refractive index is being measured while a laser 
or some other method is used to change the refractive index in the mediimoL to create a 
waveguide and this is being guided in an interative fashion by the measurement of 
refractive index 

41 . A method and a device in which local heatuig in a waveguide is used to measure and 
to image the passage of light in a waveguide 

42. A method and a device in which local heating in a waveguide is used to measure and 
to image tiie passage of light in a waveguide using a method of scanned probe 




microscopy that can be either perform thermal conductivity or point thermocoiq)le 
measurements 

43. A method and device in which nanometric blocking is used together with differences 
in intensity when the probe either blocks or does not block the rays of the far-field 
imaging system firom the position on the sanq)le to improve resolution* 

44. A method and device as in claim 43 which can be extended to any technique that 
uses optical, or electron optical or ion optical imaging such as for example confocal 
Raman microspectroscopy and which in some cases where these methodologies can be 
combined with evanescent wave illumination instead of the conventional illumination 
that is present in all far-field optical microscopes and in which the use of an atomic force 
sensor directly correlated pixel for pixel with the optical imaging allows a very strict 
delineation of the surface of the sanq>le which is used as a poweifiil constraint for the 
theoretical calculations. 

45. A method and a device as in claims 22-44 in which it is realized lliat iterative 
procedures of simulation, production and characterization with these techniques can use 
the data so obtained in order to arrive at profiles of the refi-active index of the device 
under test and which in the above case, in which the phase properties are defined, flie 
distribution of the refiractive index can be used as a parameter that can be minimized 
mathematically to give the best integrated solution using claims 1-7, 10 1 L 

46. A method and a device for micro and/or nano optical stmcture characterization in 
which it is realized that near-field optics in reflection or transmission mode is also 
capable of refiractive index information since the reflection or transmission fix)m a device 
under test illuminated by a near-field optical element can give the index of refraction 
relative to a known refiractive index. 

47. A method and a device as in claims 22-46 that can be used in conibination with 
claims 1-7, 10 and 11. 

48. A method and a device based on a combination of claims 1-47 

49. A method and a device that uses the integrated procedures of simulations, production 
and characterizations as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 that leads to 
new horizons in such lens fiber production and permits stractures to be produced that 
could not be produced or produced with high tolerance that is based on tapering the 
cladding and the waist diameter being based on the radius of curvature and the tapering 
angle that is achieved by polishing or etching. 

50. A method and a device that uses the integrated procedures of simulations, production 
and characterizations based on a combination of claims 1-49 that leads to new horizons in 
such lens fiber production and permits structures to be produced that could not be 
produced or produced with high tolerance tiiat is based on tiering the cladding and the 





waist diameter being based on the radius of curvature and the tapering angle that is 
achieved by polishing or etching. 

51 . A method and a device as in claims 49 and/or 50 such that the simulations and 
characterization allow tapering the fiber such that the cladding and the core are tapered 
and then using etching or polishing to simply alter the cladding and not the core thus 
penniting an additional degree of freedom so that the fiber lens parameters depend now 
on the taper angle of the core, taper angle of the cladding, which is now independent of 
the core taper angle and the radius of cxirvature of the cladding and thiis, allowing for 
many advantages including the reduction of the waist diameter to be less 3.5 microns and 
allowing for large coupling efBciencies to be achieved greater than 80 % betv^een an 
appropriate device. 

52. A method and a device as in claims 49 and/or 50 in which ultrasmall diameters can 
be achieved with a control of the focal spot to a diameter of 0.25 ndcrons in the 
wavelength regime of interest to tihe telecommunication industry between 1 .3 and 1 .6 
microns something which has been inq)ossible to previously achieve even for larger spot 
sizes 

53. A method and a device as in claintis 49-52 in which the tapenng of the fiber is done 
imder laser heating with defined tension and defined cooling so that in order to achieve 
the characteristics needed for this goal the heat has to be kept at a minimu m while the 
tension is kept at a maximum with a cooling that has to be optimally controlled based on 
the results of the near-field optical characterization and its associated methodologies and 
the iterative theoretical simulations and realizing that the pulling gives a specific angle of 
taper to the fiber tip so that this can control the waist diameter to a level of ± 0.25 
microns depending on the exact characteristics of the taper and this needs to be accurately 
simulated and characterized together with the waist diameter of flie beam and fliese 
parameters can be measured by near-field optics and its associated techniques in this loop 
of iteration fliat are a critical part of the process of lens formation, which for small spot 
sizes cannot maintain in the far-field Gaussian characteristics in spite of the fact that the 
tools in this patent are used to maintain the near-field distribution so that the mode field 
diameters of the input and output device overlap 

54. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
the spot size is not only related to the cone angle but is also related to the separation 
between the end of the fiber and the position to which the core extends and with such 
controls now exercisable it is possible to modulate the geometry and the nature of the 
laser-heating phase at the tip after ttie tapering with tension, heating and cooling and 
where coupling efficiencies of >80 % can be achieved for a variety of lens parameters 
with fine control . 

55. A method and a device based on a combmation of claims 1-53 in which the spot size 
is not only related to the cone angle but is also related to the separation between the end 
of tiie fiber and the position to which the core extends and with such controls now 
exercisable it is possible to modulate the geometry and the nature of the laser-heating 




phase at the tip after the tapering with tension, heating and cooling and where coupling 
efficfencies of >80 % can be achieved for a variety of lens parameters with fine control . 



56. A method and a device in which for fiber lens production there is great in^ortance 
placed on the protrusion that can be produced as a result of the pulling with tension, 
heating and cooling and where the defined protrusion in the center of the fiber or 
waveguide has to be controlled depending on the parameters of the lens as characterized 
by the techniques as in claims 1-7, 10 and 1 1 and/or claims 47 and 48. 

57. A method and a device in which for fiber lens production there is great importance 
placed on the protrusion that can be produced as a result of the pulling with tension, 
heating and cooling and where flie defined protrusion in the center of the fiber or 
waveguide has to be controlled depending on the parameters of the lens as characterized 
by the techniques based on a combination of claims 1-49. 

58. A me&od and a device as in claim 56 and/or 57 in which the protrusion allows us to 
control the centration and this has been discovered as a parameter of cracial in5)ortance 
in such fiber lens formation only because of the characterization and simulation tools that 
have been used in tiiis production. . - 

59. A method and a device as in claims 58 in which the protrusion is subsequentiy 
removed to define distances with controlled etching as defined by the characterization 
witii for example 30 minutes needed to produce a geometry that modulates the curvature 
of the protrusion and that subsequent laser or other melting is used to achieve tiie final 
parameters of the lens as defined by the near-field optical results. . 

60. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
lensing can be achieved with high accuracy of the lens position to the point where the 
fiber that can be stripped with extreme accuracy of a few tenths of a micron iising laser 
ablation of the stripped fiber with deep ultraviolet lasers. 

61. A method and a device based on a combination of claims 1-59 in which lensing can 
be achieved with high accuracy of the lens position to the point where the fiber that can 
be stripped with extreme accuracy of a few tenths of a micron using laser ablation of the 
stripped fiber with deep ultraviolet lasers. 

62. A method and a device as m claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
cantilevering of the fiber can be achieved to direct the light at an angle relative to the 
direction of the main length of fiber with one set of parameters for fiber bending of 
angles that can be varied &om 90^ toO^ (i.e. no bending). 

63. A method and a device using a combination of claims 1-61 in which cantilevering of 
the fiber can be achieved to direct the light at an angle relative to the direction of the 
main length of fiber with one set of parameters for fiber bending of angles that can be 
varied jfrom 90 to 0 (i.e. no bending). 



c 



64. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
it is possible to use a combination of the techniques described above to achieve tapering 
with polishing and lensing at ninety degrees to the fiber axis 

65. A method and a device using a combination of claims 1-63 in which it is possible to 
use a combination of the techniques described above to achieve tapering with polishing 
and lensmg at ninety degrees to the fiber axis 

66. A method and a device as in claims 64 and/or 65 m which a appropriate coating is 
used to produce a beam splitter by coating a mechanical and/or a laser polished lens on 
one face only and/or by producing an elliptical structure on one side of a polished lens 

67. A method and a device as in claims 1-7, 10 and 1 1 and/or claixns 47 and 48 in which 
the formation of a cylindrical lens is achieved 

68 A method and a device based on a conibination of claims 1-66 in which the 
formation of a cylindrical lens is achieved 

69. A method and a device as in claims 67 and/or 68 in which the lens made by the 
above procedure is subsequentiy poUshed &om two sides (180^ fiom one another and 
then another laser step is introduced to smooth the rough polished surface to achieve the 
control and optical quality that is desired and with such a combined procedure it is 
possible to achieve a ratio of tiie elliptical axes of at least 1:3. 

70. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
lenses can be made with preservation of the polarization fix>m a polarization preserving 
fiber 

71. A method and a device based on a combination of claims 1-69 in which lenses can be 
made with preservation of the polarization &om a polarization preserving fiber 

72. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
polarization can be achieved through a lens without the use of polarization preserving 
fibers. 

73. A method and a device based on a combination of claims 1-71 in which polarization 
can be achieved through a lens without the use of polarization preserving fibers. 

74. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
the deposition of metals on the stripped fiber for soldering and other requirements 
including magnetic attraction can be achieved with high accuracy relative to such fiber 
lenses both in terms of vacuum deposition and electrochemical and electroless 
depositions if the criticality of the characterization described above is applied in a closed 
loop to such fiber lens metallization so that hermetic seals to various packaging by 
combination with electrochemical deposition and the galvana plastic deposition of 
materials such that the material is deposited in a plastic form or the materials can be 




deposited in 3D using soft lithography techniques or controlled vacuum techniques with 
rotation with the resulting structures capable of being laser welded. 



75. A method and a device based on a combination of claims 1-71 in which the 
deposition of metals on the stripped fiber for soldering and other requirements including 
magnetic attraction can be achieved with high accuracy relative to such fiber lenses both 
in terms of vacuum deposition and electrochemical and electroless depositions if the 
criticality of th)e characterization described above is applied in a closed loop to such fiber 
lens metallization so that hermetic seals to various packaging by combination with 
electrochemical deposition and the galvana plastic deposition of materials such that the 
material is deposited in a plastic form or the materials can be deposited in 3D using soft 
lithography techniques or controlled vacuum techniques with rotation with the resulting 
structures capable of being laser welded. 

76. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
the procedures are used for other waveguide structures including fliose fliat can be • 
microfabricated wifli silicon by the alteration m the refiractive index of silicon by dopmg 
or othor means. 

77. A method and a device based on a combination of claims 1-75 in which the 
procedures are used for other waveguide structures including those that can be 
microfabricated with silicon by the alteration m the refractive index of silicon by doping 
or other means. 

78. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
the metal depositions can completely cover the lensed or the unlensed fiber tip or 
waveguides so that an aperture or apertures can be formed on these structures by coating 
the device fiilly with metal and then dipping the fiber tip in a solution that will deposit a 
resin or other viscous solution on the surface such that at the lens because of its angles 
and interactions is not coated with the viscous solution and so a small region of the metal 
coating can be exposed and etched allowing for the coating to be in close proximity to the 
lens preventing subsequent problems such as vibrations and other mechanical or similar 
problems. 

79. A method and a device based on a combination of 1-77 lq which the metal 
depositions can completely cover the lensed or the unlensed fiber tip or waveguides so 
that an aperture or apertures can be formed on these structures by coating the device fully 
with metal and then dipping the fiber tip in a solution that will deposit a resin or other 
viscous solution on the surface such that at the lens because of its angles and interactions 
is not coated with the viscous solution and so a small region of the metal coating can be 
exposed and etched allowing for the coating to be in close proximity to the lens 
preventing subsequent problems such as vibrations and other mechanical or similar 
problems. 




80. A method and a device in which the process of nanoindentation can be used to create 
a nanodimension opening at the tip and/or the side and/or any desired point of a tapered 
and/or coated and/or other structure such as a fiber or other waveguide. 

81. A method and a device as in claims 80 in which the resulting structures can be 
controlled in terms of tiieir optical output in an iterative way if the structure of the fiber 
aperture during production is complexed with a ligiht input and tilie light output is 
monitored in terms of intensity and/or distribution. 

82. A method and a device which will permit automation of aperture formation using 
nanoindentation procedures or other procedures that could produce nano openings in a 
metal or other opaque coatings and such nanoindentation methodologies could include 
one or a combination of focused ion beam, chemical etching, femtosecond laser non- 
liuear ablation with and without chemical assistance, or a process of laser or heat assisted 
nanoindentation in which a device makes the nanoimpression and a laser or other device 
is used to transiently melt the surface in which the indentation is to be created. 

83. A method and a device as in claims 82 in which all procedures include 
characterization as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 that are cmcial such 
that without tins characterization the parameters of the procedure used could not be 
effectively adjusted. 

84. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
accurate simulations are combined with unique integrated characterization for the 
fabrication of other components that can achieve lensing and/or waveguiding including 
mode convertors, multi lens arrays and other solutions such as microelecromechanical 
approaches and silicon waveguides in which dopants are used to create waveguides in 
silicon substrates or femtosecond lasers are used to alter index of refraction in a variety of 
materials ans where all these lensing or waveguidiag solutions would not be able to be 
achieved with their desired results without the integration of the simulations and the 
characterization that are part of this invention where only with such simulation and 
characterization can accurate parameters be defined and no previous invention has 
realized the criticality of such a closed loop of theoretical simiilation, characterization 
methodologies and diverse production technologies including materials that require 
standard microelectronic and microelectromechanical fabrication in order to produce 
defined' lensing and/or waveguidiag structures that are in glass and/or other materials 
with a variety of geometries including materials that require standard microelectronic and 
microelectromechanical fabrication. 



85. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 that 
integrates near-field optical photoalteration and/or atomic force microscopic lithography 
as a tool to add Fresnel and/or diffractive optical capabilities to the tip of a fiber or other 
waveguide either tapered, or untapered, previously lensed or unlensed. 

86. A method and a device as in claim 85 in which the fiber can be moved relative to a 
near-field optical tip throu^ which a laser such as deep UV laser is passed and so 



pennitting the formation of an altered index of refraction at the tip of the appropriate 
fiber or other waveguide with a resolution that is sufficient to form a Fresnel lens or the 
formation of a pattem to form a dif&active optical surface 

87. A method and a device as in claim 85 in which a deep UV laser or chemical etching 
or atomic force lithography or focused ion beam or any other method or combination of 
these methods that can change the refractive index and or the topography of the core of 
tiie fiber or other waveguide with sufficient resolution to be used to produce a Fresnel or 
dif&active lens and includes theoretical simulation and characterization as in claims 1-7, 
10 and 11 as being critical in this fabrication process. 

88. A method and a device as in claims 85-87 with and without projection techniques, as 
used in the s^mconductor industry and these can be used to form a pattem onto the fiber 
or other waveguide core that can alter the index of refiraction or topography in a parallel 
fashion to produce devices that not only provide for focusing but can also provide for 
dispersion comp^isation and multifoc^ and other characteristics such as phase firont 
coirection, removal or iniposition of birefiingence or removal of various abercations in 
the resulting lenses. 

89. A method and a device as in claims 85-87 in which any optical parameter that can be 
modulated by Fresnel or diffraction theory or other theories can be achieved, an 
exemplary case being, the formation of a cylindrical lens with or without tapering in 
which the two axes have the same foci. 



90. A method and a device as in claims 85-89 in which a dififractive optical structure is 
formed at the end of a fiber or as a stand alone device that uses silver or gold or 
almninum or other such metal with an appropriate coating of a dielectric and an aperture 
appropriately placed that would allow for the manipulation of the light by an interplay 
between the aperture light transmission and the plasmon characteristics of the device for 
obtaining unique light manipulation and a critical parameter being the number of layers 
of dielectric and the thickness and the number of the metal and the intervening dielectic 
layers that can be adjusted in order to achieve a match with the wavelength that needs to 
be manipulated with such parameters varying firom a range where no dielectric is 
included oth^ than the fiber, for a non-firee standing film, and only one layer of metal is 
included to different numbers of dielectric and metal layers with a variety of thicknesses 
depending on what characteristics are desired 

91. A method and a device as in claims 85-90 in which a critical part is the iterative 
simulation and characterization tools based on claims 1-7, 10 and 1 1 and/or clain:is 47 
and 48. 

92. A method and a device as in claim 85-91 in which the lenses can be inserted into 
laser and mechanically polished fibers or other waveguides in order to combine lenses 



with the beam splitters or other optical components 
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93. A mefliod and a device as in claims 85-92 in which any optical parameter that is 
allowed by Fresnel or diffraction theory or other theories can be achieved 

94. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in which 
all of the lenses can be combined with and wifliout Bragg gratings written into the fiber 

95. A method and a device based on a combination of claims 1-93 in which all of the 
lenses can be combined with and without Bragg gratings written into the fiber 

96. A method and a device as in claims 1-7, 10 and 11 and/or claims 47 and 48 in which 
the order of the methodologies is chosen so that the lensing is achieved in the fiber 
without erasing the fiber Bragg grating. 

97. A method and a device based on claims 1-95 in which the order of the methodologies 
is chosen so that the lensing is achieved in the fiber Avithout erasing the fiber Bragg 
grating. 

98. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 that can 
produce a solid immersion lens with high index fibers or other such waveguides 

99. A method and a device based on a combination of claims 1-97 that can produce a 
solid iixunersion lens with high index fibers or other such waveguides 

100. A method and a device as in clainis 98 and/or 99 that can also be transparent in the 
visible. 

101. A method and a device as in claims 100 in which before or after tapering a ball can 
be formed at the end of the fiber by laser melting and the ball can be subsequently 
polished by a combination of mechanical and laser polishing to produce a flat mushroom 
head that can act as a solid immersion lens. 

102. A method and a device as in claims 101 in which the ability to combine mechanical 
and laser polishing is cmcial here since the surface of the polished surface has to be made 
optically of good quality. 

103. A inethod and a device as in claims 101 and/or 102 in where an essential 
component is for tiie solid irrmiersion lens to be simulated and characterized as iri claims 
1-7, 10 and 1 1 and/or claims 47 and 48 and without which the characteristics of the lens 
caimot be efifectively achieved. 

104. A method and a device as in claims 101 and/or 102 in where an essCTtial 
component is for the solid immersion lens to be simulated and characterized based on a 
combination of claims 1-91 and without which the characteristics of the lens caimot be 
effectively achieved. ^ ^ 
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105. A method and a device as in claims 98-104 which can be placed at the end of a 
cantilevered fiber to provide the additional sensitivity of an integral atomic force sensor 
so that &e solid immersion lens can be brought in contact or can closely approach a 
surface and also to sensitively align this lens relative to the illuminating microscope 
objective. 

106. A method and a device as in claims 105 in which the solid immersion lenses can be 
made with various polishing combinations as in claims so that it could have other 
geometries such that the flat surface can be polished to a tip and coatings can be applied 
if so desired 

107. A method and a device as in claim 106 in which the lenses produced can also be 
combined with Fresnel and dif&active lens characteristics. 

108. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 in 
which other unique stmctures such as mushroom or ball lenses can be achieved with or 
witiliout tq>ering and lensing with fibers or other waveguides or hollow tapered 
micropipettes where the subsequent heating vdHi a laser can be used to form a mushroom 
or ball lens that can be used as a collimator with a handle. 

109. A method and a device as in claim 1 08 in which ball lenses can be used to provide 
combinations unachievable by other methods such as large fibers or other waveguides 
that have tapers to concentrate light combined with these and other lenses based on the 
essential components of simulation and near-field and associated characterization as in 
claims 1-7, 10 and 1 1 and/or claims 47 and 48 so that controlled divergence and 
collimation can be produced 

110. A method and a device as in claim 1 08 in which ball lenses can be used to provide 
combinations unachievable by other methods such as large fibers or other waveguides 
that have tapers to concentrate light combined with these and other lenses based on the 
essential components of simulation and near-field and associated characterization based 
on a combination of claims 1-97 so that controlled divergence and collimation can be 
produced 

111. A method and device as in claims 109 or 1 10 in which large light sources are 
concentrated into collimated light sources to enter devices such as fibers with smaller 
diameters. 

1 12. A method and a device as in claim 1 1 1 in which the spot size at the focus is the 
same as the core diameter at a distance of 50 microns. 

1 13. A method and a device as in claims 108-1 12 in which ball lenses can be used as 
one such lens or multiple such lenses 

1 14. A method and a device as in claim 1 13 in which an integral fiber lens can be 
integrated with a ball lens to get a collinaated beam of light that can then be used with a 




second ball lens with or without an aperture or regular lens to get a very small dif&action 
limited spot size 

1 15. A method and a device as in claim 114 that allows for the working distance of an 
integral fiber lens to be extended with such a combination of optics 

1 16. A method and a device as in claims 1-7, 10 and 1 1 and/or claims 47 and 48 which 
use polarization maintaining fibers and multiple pronged structures which can be used 
either uncoated or metal coated with and without isolation. 

1 17. A method and a device in which tapered micropipettes can be formed of a variety of 
materials with and without cantilevers for very controlled light concentration beyond the 
diffraction limit by introducing a silver nitrate solution into an appropriately tapered 
stracture and this stracture is inserted into a sugar or other appropriate solution for 
controlled lengths of time to form a nano seed of silver which then can be grown by 
electroless methods into a controlled nanoparticle of gold or silver or aluminum or a 
variety of metals that have plasmon resonances that can be used to concentrate light. 

1 18- A method and a device as in claim 1 17 in which the solutions in the pipette"" 
stracture is sugar or chemical with similar properties with a relationship to a metal like 
silver and tibie solution out of the pipette structure is silver nitrate 

1 19. A mefliod and a device as in claim 1 17 and 1 18 in which controlled pulling of the 
pipette out of the surrounding liquid is affected to produce rod or oflier geometries at the 
tip of the pipette 

120. A method and a device as in claim 1 17-1 19 in which various combinations of 
illumination, heat and other extonal perturbations are applied during nanoparticle 
formation at the tip of these stractures and these can alter the characteristics of the 
particle 

121 . A method and a device as in claim 1 17-120 in which the vessel can be a 
micropipette of glass or other material in which can be inserted a liquid in the hollow 
region in order to act as a cooling agent for the nanoparticle during illumination. 

122. A method and a device in which a micropipette or similar stracture made of any 
material that is straight or cantilevered and tapered or untapered and can either be coated 
or uncoated and can either be a force sensor or not a force sensor is filled with a material 
either by pouring, heating or other means and the material can be a variety of types 
including dielectric materials such as poly methyl methacrylate or such materials as 
calcogonides or any other material with a high or low index of refraction and these 
devices can be used for micro and nano transmission of illumination 

123. A method and a device as in claim 122 with and without an imposed field to act like 
an optical swi^ . r 




124. A method and a device as in claim 122 in which the material filling the pipette or 
other sinGdlar device is under pressure and/or is modulated by wetting so that in a 
controlled fashion the extent that the liquid will exit the opening and this allows for a 
small amoimt of liquid to dry into a naaosphere or other structure whose geometry can be 
controlled by external means such as illumination^ heat or other external means 

125. A method and a device as in claim 124 in which the resulting protruding structure is 
coated, with another material such as a metal or a dielectric or multiple coatings of metals 
and dielectrics with different thicknesses 

126. A method and a device as in claim 125 in which the protmding structure is adjusted 
in its plasmon resonance properties to have such resonances in regions that match the 
output frequency of one or more laser frequencies. 

127. A method and a device as in claim 126 where the structure is made with 
appropriate means for cooling 

128. A method and a device as in claims 122-127 in which simulation and the near-field 
optical and other characterization techniques and other characterization techniques as 
described in claims 1-7, 10 and 1 1 and/or claims 47 and 48 are crucial in defining the 
structure, the refractive index and tbe light modulating properties of such devices. 

129. A method and a device in which a tapered or untapered pipette or other hollow 
device is filled with a material that can harden and before hardening can be made to 
protrude out of one end of the hollow device or not to protrude or to protrude minimally 
and the end through which the liquid to be hardened exits or can exit is either placed in a 
mold or other external means to form at this end an optical element of any desired shape 

130. A method and a device as in claim 129 in which the optical element formed at one 
end of the filled hollow tube by the mold is a diffractive, Fresnel and/or other such 
optical element 

131. A method and a device as in claims 129 and 130 in which multiple tubes in multiple 
molds are used to either autonoiate maldng multiple devices or making multiple device 
microarra^. 

132. A method and a device as in claims 129 - 13 1 in which simulation and the near- 
field optical and other characterization techniques as described in claims 1-7, 10 and 1 1 
and/or claims 47 and 48 are crucial in defining the structure, the refiuctive index and the 
light modulating properties of such devices 

133. A method and a device as in claims 129-131 in which only a mold of the optical 
structure without the hollow tube is xised to form a micro lens array and in which 
simulation and the near-field optical and other characterization techniques as described in 
claims 1-7, 10 and 1 1 and/or clainos 47 and 48 are crucial in defining the structure, the 
refractive index and the light imdtdating properties of such devices r 




134. A method and a device as in claims 129-13 1 in which multiple molds are used 
without the hollow tube to make a nnicro lens array or any other means to make micro 
lenses and/or microlens arrays in which simulation and the near-field optical and other 
characterization techniques and other characterization techniques as described in claims 
1-7, 10 and 1 1 and/or 47 and 48 are cracial in defining the structure, the refi-active index 
and the light modulating properties of such devices 

135. A method and a device in which a tapered or untapered pipette or other hollow 
device wift multiple channels or with a mataial that-can be altered during processing 
into multiple channels is filled with a material that can harden with defined index or 
indices of refraction so that either inside or outside the chaimels are filled in predefined 
fashion both in terais of geometry or index of refraction to form optical devices 

136. A method and a device as m claim 135 in which the channels extend through the 
whole device and there is a surrounding larger chaimel around all these channels 

136. A method and a device as in claim 135 in which the chaimels extend flirough a part 
of the device and there is a surrounding larger channel around all these chaimels 

137. A method and a device as in claims 122-136 in which the dimension and index or 
indices of refi:action are adjusted to match the dimension of other standard optical fibers 
that have to be connected to and this is done in such a manner that the ease of splicing to 
such fibers is miniinized 

138. A method and a device as in claims 1-7, 10 and 11 and/or claims 47 and 48 and/or 
claims 122-136 in whidi parameters are chosen (tapered angle and radius of curvature at 
the end of the fiber) in which a multunode fiber acts as a transmitter or coupler &om the 
multimode to the single mode regime with as high a coupling efiSciency as 50 percent or 
hi^er and permitting the application of such methodology to a multimode FMSD fiber 
with a core diameter 50 um and NA 0,2 with a core diameter at tiie end of the fiber of 
about 4 um with a focus being reached at a distance of 12 microns from the surface and 
with a waist diameter of 3.8 microns 

139. A method and a device based on a combination of claims 1-138 in which 
parameters are chosen (tapered angle and radius of curvature at the end of the fiber) in 
which a multimode fiber acts as a transmitter or coupler from the multimode to the single 
mode regime with as high a coupling efficiency as 50 percent or higher and peraiittmg 
the application of such methodology to a multimode FMSD fiber with a core diameter 50 
um and NA 0.2 with a core diameter at the end of the fiber of about 4 um with a focus 
bemg reached at a distance of 12 microns from the surface and with a waist diameter of 
3.8 microns 

140. A method and a device as in claims 138 or 139 in which the coupling efficiency 
between multimode lensed fiber and single mode lensed fiber was measured using laser 



light of 1 .5 um.is upto 64%. ^ 
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141. A method and a device which is simple for the characterization of near-field optical 
system completely mtegrated with far-field optical characterization and with atomic force 
imaging and other scanned probe methods (SPM) that can be used to keep devices under 
test with the probe fiber in a highly stable contact without pigtailing based on a 
cylindrical piezo device that has x, y and z motion with feedback to include the probe 
fiber approaching the device under test with an inoposed modulation and the frequency 
and amplitude of the modulation changes and this is monitored by either the tuning fork 
or another probe laser which illuminates the fiber directly or through anther fiber. 

142. A method and a device as in claim 141 in which the probe fiber is not glued to the 
tuning fork but rather the tuning fork and the probe fiber are both held in a piezoelectric 
devices that can bring the probe fiber and the tuning in close proximity to one another 
until the tuning senses the probe fiber and subsequently the probe fiber is slightly 
modulated in close proximity to the tuning fork as it approaches the device under test 
engaging the feedback loop to keep the probe fiber with great stability (upto 0.002 dB) 
relative to the device under test so that near-field optical piofilmg, light wave 
measurements for return loss and other light wave parameters both near and far-field 
including topography can be measured without pigtailing - - - . 

143. A method and a device as in claims 141 and/or 142 in which atomic force or near- 
field optical or far-field optical signals are used as feedback to maintain the relative 
position of an optical probe relative to an optical or other device und^ test widiout glue 
or pigtailing. 

144. A method and a device as in claims 141-143 in which the device that measures the 
position of the probe fiber can be a lensed fiber itself as described in this patent or two 
lensed fibers as can be produced by pulling fibers in a two channel micropipette by the 
procedures in this patent so that either one lensed fiber or two lensed fibers or two or one 
fibers without lenses to monitor the probe fiber position and to accurately measure it as it 
approaches a surface. 

145. A method and a device as in claims 144 in which light is sent through the devices 
onto the probe fiber and then measuring the reflected or the transmitted light so that as 
the probe fiber firequency, amplitude and/or position changes as it approaches the sample. 

146. A method and a device as in claims 141-143 in which it is realized that the worlds 
of nanopositioning, light wave measurements and imaging can be integrated for optical 
and other tests and measurements. 

147. A method and a device as in claims 141-146 which permits the procedures in claims 
1-7, 10 and 1 1 and including claims 47 and 48 to be automated 

148. A method and a device as in claims 141-146 which permits the procedures in claims 
1-147 to be automated 



149. A method and a device as in claim 148 in which all the steps are automated from 
the theory of simulation of fiber lenses that is included in a program of a computer 
controlling the automated process to complex fiber handling including pick-up and other 
handling procedures, tapering under tension and heat, etching, controlled lensing of 
protrusions, mechanical polishing, laser scribing, and all steps necessary to form the 
devices including laser and other methods of index of refraction alteration and in an 
iterative fashion to include the characterization steps that include near-field and 
associated characterization 



ISO* A method and device as in claim 149 in which not only the steps described are 
included in the automation procedure. 

IS 1 A method and a device in which extrraiely small spot size lenses are produced 
according to claims 1-7, 10 and 1 1 and including 47 and 48 in which integral optical fiber 
lens are used to make a diffraction limited spot size and in which these devices can be 
cantilevered so that they could fit neatly under the lens of a microscope or can be used as 
a straight lensed fiber so that a simple scanning integral lensed fiber based confocal 
(SELC) microscope can be built with the same piezo technology that is used for atomic 
force microscopes in order to replace complicated beam scaiming confocal microscopes 
with much hi^er throughput, collection efiEiciency and resolution than conventional 
confocal beam scanners 

1S2. A method and a device in which extremely small spot size lenses are produced 
based on a combination of claims 1-1 SO in which integral optical fiber lens are used to 
make a diffraction limited spot size and in which these devices can be cantilevered so that 
they could fit neatiy under the lens of a microscope or can be used as a straight lensed 
fiber so that a simple scaiming integral lensed fiber based confocal (SILC) ndcroscope 
can be built with the same piezo technology that is used for atomic force microscopes in 
order to replace complicated beam scanning confocal microscopes with much higher 
throughput, collection efficiency and resolution than conventional confocal beam 
scamiers 



153. A method and a device as in claim ISl or 1S2 in which lens fiber bimdles could be 
used to increase the scanning speed by orders of magnitude 

154. A method and a device in which a confocal microsope is generated in which the 
fiber is placed in the seamier of an atomic force naicroscope at the eyepiece or some 
other port of the ndcroscope and to use the lens of the microscope for final focusing and 
collection. 

155. A method and a device as in claim 1S4 in which a fiber bundles would be used. 



1S6. A method and a device as in claims ISl-lSS for mulitphoton microscopy. 




157. A method and a device as in claims 151-155 in which the fiber is replaced by a fiber 
lens in concert with a ball lens and a lens of the microscope on which this combmation is 
installed and the microscope lens being used for both illumination and collection 

158. A method and device as in claims 151-157 in which the fiber lens is connected to a 
fiber sputter with one channel being the illumination and the other channel being the 
detector. 



1 59. A method and a device in which a fiber with or without a lens is placed in a piezo 
tube scanner or other suitable scamiing device for scanning so that fiie fiber is placed 
accurately relative to the tube lens of a microscope or a ball lens or short focal distance 
lens that would make a parallel beam and then the objective lens of a microscope or 
another ball lens would create a spot on the sample. 

160. A method and a device as in claim 159 in which the scanner could scan the beam 
and the lens of the microscope can cause a focused spot 

161. A method and a device as in claims 159 and 160 in which super-resolution and 
highest throughput is achieved for confocal imaging and where the objective lens of the 
microscope could collect the light with high efficiency and send it back through the fiber 
thiougih which the illumination was acconq)lished 

163. A method and a device as in claims 159-161 in which a fiber splitter could separate 
the excitation and the detection. 



164. A method and a claim as in claims 159-161 in which the illumination channel is 
separate firom the detection channel which can be attached to another optical path and can 
be a large area detector including a charge coupled device where the scan of the fiber is 
adjusted to fall on a different pixel of the charge coupled device and the software for 
reading the charge coupled device is adjusted to register the fiber position with the pixel 
of the device 



165. A method and a device as in claims 159 which creates a diffraction limited spot 
which is important for achieving the highest resolution with a nanometric or other opaque 
particle blocking the radiation in controlled proximity to the sanq)le using atomic force or 
other sensiag means and the sample is scanned with the appropriate precision to obtain 
high resolution that is not achievable without this combination of fiber illumination and 
opaque particle blocking 

166. A method and a device as in claims 160-165 in which the fiber beam scanner and 
the particle are scaxmed in unison. 

167. A method and a device as in claims 165 and 166 in which the particle is in 
intermittent contact with the sample and the detection of the illxmoination is accomplished 
so that it is in unison with the particle touc^g and/or is lifted from the surface 





168. A method and a device as in claims 165 and/or 1 66 in which difference spectra can 
be recorded between the signal from the sample with the opaque particle in one or 
anoflier position or between multiple positions 

169. A method and a device as in claims 159-168 in which the sample/objective lens 
separation can be altered in order to record images from multiple optical planes in focus 
with the lens. 

170. A method and a device as in claims 159-169 in which multiple fibers can be used in 
the scanner 

17^ A method and a device as in claim 159-170 in which multiple opaque particles are 

172. A method and a device as in claim 165-171 in which the particle that is controlled 
m Its height relative to a suifece has a plasmon resonance at the frequency of the 
illummation and has the abiUty to enhance a linear or non-linear phenomenon 

173. A method and a device as in claims 159 - 172 that can be used for aU mulitphoton 
microscopies. 

174. A method and a device that uses aU or a combination of techniques as in claims 
159-164 which is q>pUed to data storage appUcations including magnetic storage in read 
only or read and write systems 

175. A method and a device that uses aU or a coiribination of techniques as in claims 
165-172 which is ^Ued to data storage appHcations including magnetic storage in read 
only or read and write systems 

176. A method and a device as in claim 175 for magnetic optical storage where writing 
of bits can be modulated with a nanometrically controlled opaque particle that can be 
raised from the surface for heating directly with the Ulumination or illuminated with 
higher mtensity while the particle is on the surface to transfer heat to the surface for 
wnting, with the position of the particle modulated eiflier by varying the speed in flying 
head technology or some other active or passive feedback technique with the particle 
position adjusted either for writing or for high resolution reading 

177. A method and a device in which the high resolution provided by lensed fibers as in 
claims 1-7, 10 and 1 1 and/or claims 47 and 48 or combinations of lensed fibers with baU 
lenses or other optical modulating elements is used for other Hght scanning devices such 
as scanners for printers, copiers and other such devices 

178. A method and a device in which the high resolution provided by lensed fibers based 
on a combmation of claims 1-172 is used for other light scanning devices such as 
scannors for printers, copiers and other such devices p 
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179. A method and a device as in claim 172 and 173 in which lensed fiber bundles are 
used 

180 A method and a device as in claims 1-7, 10 and 1 1 and/or clainas 47 and 48 which 
can be coated with multiple layers of metal isolated with layers of a dielectric such as 
silicon dioxide with contacts of the metal layers at the tip of the device so that such 
devices can act also as optical and thermal sensing devices 

1 81 . A method and a device based on the micro or nano optical elements in claims 1-1 80 
which can be coated with multiple layers of metal isolated with layers of a dielectric such 
as silicon dioxide with contacts of the metal layers at the tip of &e device so that such 
devices can act also as optical and thermal sensing devices 

1 82. A method and a device based on the micro or nano optical elements in claims 1-181 
which can be coated with multiple layers of metal isolated with layers of a dielectric such 
as silicon dioxide with contacts of the metal layers at the tip of the device so that such 
devices can act also as optical and themial sensing devices 

1 83. A metiiod and a device as in claim 179 -1 82 in which such devices can be made 
with force constants that will allow either in their cantilevered or straight fqmi for the 
devices to act as atomic force sensors for measuring topography and other scanned probe 
microscopy parameters such as electrical propoties. 

184. A method and a device employing lensed fibers as in claims 1-7, 10 and 1 1 and/or 
claims 47 and 48 in which diffraction limited integral lensed fibers on straight or 
cantilevered fibers or other waveguides is used in data storage 

185. A method and a device employing lensed fibers based on a combination of claims 
1-179 in which diffraction limited integral lensed fibers on straight or cantilevered fibers 
or other waveguides are used in data storage, 

186. A method and a device as in claims 184 or 185 in which the integral lensed fiber is 
incorporated in a device associated with flying head technology which is particularly 
suitable to the light weight of integral lensed fibers that need to be held at specific 
distances firom the surface with good control for near-field illumination and detection 

187. A method and a device as in claim 186 in which the fiber has a near-field optical 
aperture on a lens or has a near-field optical aperture without a lens or has a lens that is of 
the solid immersion variety.. 

1 88. A method and a device which has multiple coatings as in claim 79 including metal 
coatings separated by dielectric layers to act as an optical and a thermal sensor 

189. A method and a device as in claim 189 which has multiple coatings including metal 
coatings separated by dielectric layers so tiiat as the device, which is flexible, bends and 
tiie resistance of the material between the metal coatings will change allowing surfaces to 




be approached with feedback based on the alterations in the resistance or other electrical 
parameters 




Figure 1. Geometrical model of the tapered fiber lens of hyperbolic shape described 
by the two parameters: taper angle (1.4) and the radius of curvature (1.5) at the 
height of the hyperbola. The units in this figure in the x and y axis is microns. 
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Figure 2. Emerging wave from the fiber lens as calculated by the simulation. Shown 
is the intensity distribution of the emerged wave at A = 1.5// from the tapered fiber 
lens of hyperbolic shape with the tapered angle - 43 degree and radius of curvature 
-3.S//) 




Figure 3. Coupling efficiency as a function of waist diameter. 
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Figure 4. Comparison of experimental and calculated data for dependence of fiber 
lens working distance via waist diameter for tapered core fiber lens 
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Figure 5 A Parameters can be adjusted to produce with high accuracy protrusions that 
are important in further steps of integral lens formation. 



Figure 5B. The protrusion in Figure 5A after a defined etching procedure 



Figure SC. The final lens that is produced after laser melting of the structure in Figure 
5B. 



Figure 6. A collage of the topography (6.1) of the integral fiber lens with the light 
distribution at the lens surface (6.2) as monitored by the combination of near-field optical 
microscopy with integrated atomic force microsc opy. 
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Figure 7. Deep ultraviolet laser stripping that allows for highly accurate coating of the 
stripped fiber. 



Figure 8. Cantilevered lens fiber structure 



Figure 9. A representation of a cylindrical lens as produced by the procedures described 
in this patent 



9.1 



Figure 10. Nanoindentation as a way to form defined structures on coatings that are 
placed on fibers and other optical components. Dotted horizontal line (10:1) is placed 
just above the center of the nanoindentation as a guide. 



Figure 12. A mushroom lens made by the procedures described in this patent 



Figure 13. A ball lens made by the procedures described in this patent 



Figure 14. A multiple pronged (14.1) structure made by etching and tapering 



Figure 15. A nanoparticle grown at the tip of a structure by procedures of this patent that 
can have the ability to have atomic force sensitivity 




Figure 17. Line-Scan of the NSOM Image in the focal plan of flie single mode lensed 
fiber 
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Figure 18. A miniaturized probe fiber-device under test characterization system based 
the principles of the characaterization methods described in this patent 




Integrated Simulation Fabrication and Characterization of Micro and Nano Optical 
Elements 

1. Field of Invention 

The field of the invention is the fabrication of arbitrary micro and nano optical 
structures and devices as a result of the realization that integrated near-field/far-field 
optical imaging with on-line atomic force imaging and other scanned probe methods 
(SPM) can guide multistep processing of such optical elements. A crucial component 
in such processing is iterative theoretical simulations with constraints imposed by the 
near-field optical results. With such a combination of theory and near-field optical 
data together with SPM technology aided by new methods of highly accurate 
refiractive index imaging, which is also a part of this invention, the order and the 
extent of multiple step processing can be guided to obtain optical solutions that could 
not be previously achieved or could not be achieved with the accuracy and the 
repeatability that is required by the high tolerance requirements of industry today. 

The steps that have to be guided have previously been considered competing 
technologies for the production of integral fiber lenses or lenses with other 
waveguides or other micro and nano optical elements. These steps include either no 
tapering or tapering using pulling and/or mechanical and/or laser polishing and/or 
heating, with and/or without etching and/or writing and/or masking with or without 
imposed radiation and with or without photoresist and/or other similar procedures 
and/or imprinting and/or molding and/or deposition depending on the parameters of 
the micro and or nano optical structure that has to be achieved. 

The synergistic interconnection between theory, where paraxial/far-field 
approximations fail, the near-field optical characterization and associated SPM 
methodology and the integrated production methodologies are an essential component 
of this patent. As a result arbitrary structures can be generated for waveguides, such 
as a glass fiber or a micropipette or a crystal fiber or other materials that act as a 
waveguide, or other structures that can be achieved for micro and nano optical 
objectives by controlled manipulation, molding or deposition of materials to 
concentrate or focus light. 

The goal of such manipulation is a variety of applications fi-om optical 
communications, microscopy, sensing, and other applications of such integral lensed 
systems or other light concentrating or focusing devices that could not be achieved 
without the essential steps of this invention. Thus, these waveguide or other 
structures can act as stand alone elements or be included as part of a complex of 
components to achieve solutions in microscopy, scanning and in other areas that are 
not achievable otherwise and these inventions that have resulted firom these new and 
highly accurate optical elements are also part of this patent. 

2. Background of the Invention 

The invention originally was conceived as an outcome of identifying difficulties of 
attaining a lensed structure at the tip of an optical fiber. Such difficulties are 
illustrated by the patent history in this area. 
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Patents as far back as 1986 [Mathyssek et al US Patent Number 4,589,897] have 
attempted to try and address this problem. In the approach of Mathyssek et al US 
Patent Number 4,589,897 simple constriction of the core and the cladding was 
achieved that resulted in a shape that was lens like at the tip of an optical fiber. This 
constriction was applied at some intermediate point between the two ends of the fiber. 
The control of the fiber lensing in such an operation was not effective and this process 
was improved upon by Presby US Patent #4,032,989. 

The Presby patent did not employ a constriction process as in Mathyssek et al US 
Patent Number 4,589,897 but used an ablative process with a laser at the tip of a fiber. 
The ablative process of Presby removes material as a fiber is rotated in the ablative 
laser beam. The process of ablation is emphasized in the patent of Presby by the fact, 
that as shown by Presby, the laser axis and axis of the fiber make an angle of greater 
than zero degrees and much less than 90 degrees. Zero degrees is having the laser 
axis and the fiber axis being parallel to each other and 90 degrees is having the laser 
and the fiber axis being perpendicular to each other. The patent specifically does not 
consider the critical geometry that is needed for the melting process which is a head 
on geometry which is 180 degrees in the geometrical arrangement of Presby or other 
melting geometries between 90 to 180 degrees. The patent further emphasizes 
ablation by the claim of the use of excimer lasers which are critical lasers for ablation 
of glass. In essence the patent is aimed at forming lenses by laser machining that 
occurs as the tip of a fiber is rotated in a laser beam to form a refi-active lens structure 
that is clearly seen in Figure 4 of the Presby patent. This lens structure, as will be 
described below, is far firom optimal both in terms of the geometry of the lens and in 
terms of the fact that the nature of the core is not affected by the procedure. This 
results in large losses and the inability to make appropriate arbitrary structures that are 
essential for forming lenses including ultra microlenses to meet all the demands of 
modern optical conmiunication, sensing and other integral fiber lens applications. 

In view of these problems extreme measures were taken in the patent of Shiraishi et al 
US Patent #5,446,816. These inventors realized that the lack of core and cladding 
manipulation in the previous inventions of fiber lenses seriously Umited the ability to 
generate the range of arbitrary structures that were needed even in 1995 and this need 
if anything has become more acute in 2002. 

To resolve the problem Shiraishi et al US Patent #5,446,816 used a brute force 
solution. They formed a surface in an optical material which acted as a lens and then 
they inserted this into an appropriately constructed sleeve to emulate a core/cladding 
structure with optical properties that could emulate some of the variety of structures 
required m a fiber type geometry. It should be noted that the solution of Shiraishi et 
al is a solution that does not resolve the formation an integral fiber lens with the 
variations in the lens parameters that are needed today in the variety of applications 
that lens are used in. 

3. State of Prior Art 

The prior art fails in several directions. First, it was impossible to guide a muUi step 
process of micro or nano optical element formation to achieve the type of elements 
with the accuracy and repeatability that is required today. The prior art relied on one 
or another of the processes noted above but has never been able to effectively mesh 
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these technologies to achieve the ultimate micro and nano optical solutions that are 
desired. In addition, the prior art has not recognized the crucial role of near-field 
optics together with other scanned probe methods and high resolution refractive index 
methods in guiding the theoretical simulations for micro and nano optical elements 
when far-field/paraxial approximations fml. Thus, from both a point of view of 
guiding the theory and the fabrication and from the point of view of characterizing the 
resulting elements near-field optics plays a central role in this patent and the prior art 
has not realized the importance of this technique in such optical element fabrication. 
Even with such simulations there was no method of characterizing such lens fibers 
that made measurements in the regimes that the theoretical simulations required. 

4. Summary of Invention 

The invention can be summarized as follows: 

L The crucial nature of near-field optics and SPM technology in guiding in an 
interative way the theoretical simulation and the fabrication without reliance 
on paraxial/far-field optics 

2. The ability to iterate and apply as a result of 1 multiple processing methods 
that have never been previously integrated 

3. The ability as a result of 1 and 2 to produce micro and nano optical elements 
that could either not be produced previously or could not be produced with the 
accuracy and the repeatability that can be achieved as a result of this 
invention. 

4. The ability as a result of 1, 2 and 3 to produce new optical devices that were 
impossible to achieve before the ability to form such micro and nano optical 
elements. 

5. Description of Invention: Optical Element Fabrication Based on this Patent 
5.1 Theoretical Approach 

5.1.1. Introduction 

A new theoretical understanding of the parameters that are important in fiber optical 
element including fiber lens production is the first inventive step of this patent. 

The theory presents a new approach based on an exact numerical field calculation 
inside and outside the fiber lens guided by constraints that are imposed by near-field 
optical characterization of the resulting elements. This is a powerfiil method for fiber 
lens analysis in terms of coupling efiiciency, beam waist diameter and working 
distance. In this approach the dependence of these important characteristics from the 
parameters of the fiber lens can be studied. The theory then becomes a tool for 
designing, for example, an optimal fiber lens. Without this theory and the associated 
validation of the theory and associated production procedures that are evolved using 
near-field optical and its associated methodologies for measurements, previous 
approaches at fiber lens fabrication were incapable of achieving the combination of 
factors and the tolerances and the repeatability that are necessary for today's optical 
components. For example, one case, not to exclude all others, is the maximum 
coupling eflTiciency of a lensed fiber with active and passive optical devices that have 
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highly defined beam profiles. The combination of theoretical simulation, near-field 
optics and its associated methodologies and the iterative guiding of the combination 
for the production techniques allows for high efficiency coupling. 

5.1.2 The Geometrical Model 

In one emulation of our method not to exclude others we consider a fiber lens with a 
hyperbolic shape (Figure 1) which is a geometric result that can be achieved optimally 
only by a combination of multiple production methods that are a part of this patent. 
For this geometrical model of the tapered fiber lens, three spatial regions are 
considered: the core (1.1), the cladding (1.2) and air (1.3). The core has a conical 
shape with the angle determined by the taper angle (1 .4) and the core to cladding 
diameter ratio. The interface between cladding and air is considered to have a 
hyperbolic shape. This shape is described by two parameters: the asymptotic angle 
and the radius of curvature (1.5) at the height of the hyperbola. The asymptotic angle 
is assumed to be the same as the taper angle (1.4). 

5.1.3 Field Calculation Method 

We have performed the field calculations utilizing a Finite Element Method for 
numerical solution of partial differential equations and have realized that this is 
critical in fiber lens simulations, where the parameters are monitored experimentally 
with near-field optics and its associated methodologies and adjusted based on the 
results of the e^erimental measurement. Both of these aspects of the invention allow 
for multi procedure production methodologies that is the ultimate goal of this 
invention. 

To realize the criticality of the calculation as the first step in the formation of the 
optical elements described in this patent we will focus, as an example, on the field 
inside and outside a fiber lens. This was obtained by numerical solution of the wave 
(Helmholtz) equation with boundary conditions that were defined and adjusted using 
an iterative procedure in which the near-field optical measurements and the 
technologies associated with near-field optical measurements were used to adjust 
these boundary conditions so that exact replication of simulation and resuhs were 
obtained. Such iteration and adjustment is novel. 

For the field propagating fi-om lefl: to right in Fig. 2 and emerging fi-om the fiber lens, 
the initial boundary condition on the left boundary uiside the fiber was that the value 
of the field on this boundary coincides with the fiandamental solution (HEu mode) for 
the single mode fiber. For the field propagating from the right to left and entering into 
the fiber lens the initial boundary condition on the right boundary, was according to 
the near-field optical and associated methodologies, was that the field on this 
boundary has a Gaussian form with the waist diameter equal to the laser spot size. 

In Figure 2 one emulation of the invention is considered which is a wave ( A = 1 .5// ) 
emerging from a tapered fiber lens of hyperbolic shape with the taper angle - 43 
degree and radius of curvature - 3.5 . In this emulation, the emerging wave from 
the fiber lens is focused 5 // (2. 1) away from the end of the fiber (2.2) and has a waist 
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diameter (2.3) that is as small as 2 ;/ . The calculated coupling efficiency for this fiber 
lens is 80 %. 

5.1.4 Other Theoretical Resuhs 

The theory allows us to predict the parameters of the fiber lens that for a given waist 
diameter will give maximum coupling efficiency (see Figure 3 for a sample 
calculation for one emulation of the invention). This was not available previously. 

Previous work, that was based on simply tapering the cladding [Edwards CA, Presby 
HM, Dragone C, Ideal microlenses for laser to fiber coupling. Journal of lightwave 
technology, 11, 252, 1993], was unable to achieve waist diameters that are less than 3 
microns. From the above theoretical results we can now predict that with 
wavelengths of 1.5 |i waist diameters of 1.2 |i are achievable and for shorter 
wavelengths diffraction limited focusing can be achieved. 

The theory also predicts that large coupling efficiencies are possible with such 
coupling efficiencies being over 80 % for waist diameters between 2 and 3 microns 
and over 90 % for waist diameters above 3 microns and these values of coupling 
efficiencies can be achieved without anti-reflection coatings which would add upto 4- 
5% to these extremely high efficiencies. Such coupling efficiencies are important and 
the resulting simulations for all lenses are equally important. 

Near-field optical measurements allow us to practically confirm the theoretical 
predictions and help define the boundary conditions of the calculation. This is shown 
on the graph in Figure 4 in which the theoretically predicted waist diameter is 
confirmed by such near-field optical measurements. Thus, an essential component in 
the theoretical developments are the hand in hand characterization of the near-field 
optical measurements associated with specifically designed fiber lens fabrication 
methods as highlighted in this section. The same is also the case with all such 
simulations, fabrication and near-field optical characterization of the elements 
described in this patent that have resulted fi'om this invention. 

5.1.5 Theoretical Conclusions 

Thus, in conclusion an inventive step of this patent is that the methodology of 
theoretical simulations with adjusted boundary conditions iteratively defined by near- 
field optics and its associated measurement techniques allows for: 

1. The availability of exact field calculations as an effective method for design of 
fiber lenses and other optical elements in which the general far-field optical 
approximations partially or completely fail. 

2. Near field and associated measurement of the field emerged fi'om the fiber lens 
as the only reliable method for its characterization and the generally used far-field 
characterization methodologies are not valid for the components described in this 
patent. 

Both of these developments have not been previously applied to fiber lens fabrication 
and/or the other elements described in this patent. The use of these methods allows 
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for a complex combination of fabrications procedures for producing state of the art 
fiber lenses and other micro and nano optical elements. 

5.2 Integrated Characterization Tool Little Contribution from Out-of-focus Light 
Totally Integrated with Atomic Force Topographic Imaging and/or Other Scanned 
Probe Methods and/or With Light Wave Measurements and/or Integrated with Far- 
Field Optical Characterization Facilitating Multistep Simulation and Production 
Procedures 

5.2..A.La Introduction 

The technology that is invented here allows for a synergistic integrated interaction 
with what has been considered to be competing technologies in fiber lens formation or 
have never been used in fiber/waveguide lens formation. These technologies can be 
listed as without or with tapering using pulling and/or mechanical and/or laser 
polishing and/or heating, with and/or without etclung and/or writing and/or masking 
with or without imposed radiation and with or without photoresist and/or other similar 
procedxM-es and/or imprinting depending on the parameters of the micro and or nano 
optical structure that has to be achieved to produce a coordinated interplay of 
parameters that have not been achievable till now. In spite of the need to use all or 
part of these methodologies to the appropriate extent and in an appropriate order to 
produce the type of micro and nano optical elements that are needed, the difiBculty of 
integrating these diverse technologies into a synergjistic whole rested on the inability 
to accurately characterize the results of the integration both in terms of topography 
and light distribution in the near-field. 

5.2.A. lb The Characterization Tool is Critical in Micro and Nano Optical Element 
Production 

As an introduction to this section, it is realized that, together with what has been 
described above for theoretical simulation, the application of integrated 
characterization tool is a critical part of the process which allows for highly accurate 
geometric and light profiling of the micro and/or nano optical structure at the surface, 
in the near-field or at specific distances above the micro and/or nano optical structure 
with little contribution from out-of-focus light so that the phase properties of the 
wavefront can accurately be characterized in a way that is totally integrated with 
atomic force topographic and scanned probe methods (SPM) for micro and or 
nanoscopic characterization including nano and micro heat sensing and/or with light 
wave measurements such as return loss, polarization dependent loss, coupling 
ejBBciency and other similar parameters and that these methods are also totally 
integrated with far-field optical characterization including high resolution refractive 
index imaging. This integration of the simulation, production and characterization is 
a realization that near-field optics within this context of integrated characterization, 
simulation and production is the critical missing link that facilitates such multistep 
procedures for micro and nano optical element production. 

In terms of the introduction above, it is realized as part of this invention that 
monitoring light distribution through a near-field optical aperture even in the far-field 
has unique properties in terms of the information that can be obtained on the lens or 
optical system that is being investigated. Specifically, a near-field optical aperture is 
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a very small aperture that can be as small as 1/10 the wavelength of light. Such an 
aperture accepts light from a very wide angle and this means that the light that is 
collected only at the aperture has enough fluence to be detectable. Thus, the light that 
is collected by such an aperture is not contatninated by out-of-focus light that is even 
1/10 th the wavelength of light away from the aperture. When this is added to the feet 
that the aperture acts as a coherent point source of collection one can see that 
monitoring the distribution of light with such a small near-field aperture in the far- 
field allows for the monitoring of a coherent wavefront. Thus, if such light is 
monitored at several optical planes around the focus and/or away from the focus of 
say a lens that is being investigated then one can determine, by interaction with the 
theoretical simulation above, the phase properties with high accuracy of the optical 
system being investigated. 

It is true that measuring phase properties with a lens has been accomplished using an 
algorithm which is based on the transport intensity equation [A. Barty, K. A. Nugent, 
D. Paganin and A. Roberts, Optics Letters 23, 1 (1998)]. For this equation one needs 
to know the intensity in the object plane for different z sections. Measuring this 
intensity by means of a near-field optical probe has advantages even over such 
indirect lens-based methods. Since with a near-field optical probe the information 
that is collected has none of the distortions that occur when optical data is transformed 
by the optical system which the case of Barty etal al is a lens. This includes the fact 
that, as noted above, the near-field optical technique obtains the intensity information 
not only without lens based distortions but also without any out-of-focus contribution. 
Therefore, near-field optical methodology of the light distribution in one or more 
optical planes is a true measure of the intensity at different z sections. In addition 
with such a methodology one can consider combining the near-field optical 
information at certain points with the lens based information to obtain rapid analysis 
of the phase properties at resolutions much better than can be obtained with lens based 
techniques for refractive index, phase distrbution and other phase based properties. 
Also such a combination can obtain the information much faster than near-field 
optical techniques alone. 

In addition, it is realized that the combination of near-field integrated with far-field 
optical characterization and with atomic force imaging and other scanned probe 
methods (SPM) allows even for standard techniques for phase and refractive index 
measurement such as differential interference contrast (DIG) to be considerably^ 
improved. For example in one emulation not to exclude others, in DIG if there is even 
a small slope on the sample in the region where the far-field DIG is being measured 
the DIG image has an artifact due to the slope and the phase and refractive index 
properties are flawed. The presence of an on line SPM will allow the exact 
determination of this slope to less than a nanometer and will allow one to free the data 
from such artifacts. 

In another emulation of such a combination, the near-field optical device is used to 
provide a stable source of light for the point spread function (PSF) of the far-field 
optical imaging system which can be based on confocal DIG or DIG with GGD 
imaging. Such knowledge of the PSF is crucial to the high accuracy of the index of 
refraction that is needed for the full characterization of some of the devices that are 
part of this patent. In addition, the PSF can be obtained with the device under test in 
place and this has never been possible previously . The device under test contributes 
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significantly to the PSF and can alter the PSF at different locations in the sample so 
multiple measurements of the PSF at different locations on the sample may be needed 
for fiill theoretical analysis of the results by the theoretical procedures described 
above. In addition, it is realized that glass-pulling technology or other technologies 
allow for the production of unique point sources that can add singular information on 
the optical properties of the far-field microscope especially for DIC. One such 
structure not to exclude other structures is the ability to produce a near-field optical 
element with two tapered fibers in order to deliver to the microscope two beams of 
controlled polarization and known shear vector This allows for a tme DIC PSF and 
is important for the achieving the highest accuracy in index of refraction 
measurements. All of this is possible since such glass structures or other silicon 
processing methods allow for these near-field element based points of light to be 
present on the optical axis without obstruction from the integral atomic force 
cantilever that keeps the point of light with extremely high stability relative to the 
sample being investigated by atomic force feedback. 

In addition, it is realized that a DIC measurement can be vastly improved by the 
controlled positioning with for example an atomic force sensor of a particle that either 
alters locally and/or nanometrically the DIC image at one position and then at another 
position. This being completed a defined number of times and the result, together 
with the exact 3D position from the atomic force sensor, being used as a constraint for 
the theoretical calculations outlined above to define the optical properties of the 
device under test including the 3D phase image which is an accurate representation of 
the refractive index in 3D, It is important to note that with such highly accurate 3D 
representations of refractive index it is possible to characterize embedded waveguides 
and waveguides that are not embedded in unique ways. In one emulation, not to 
exclude other emulations, it is possible to pass a femtosecond laser through a 
waveguide and effect its index of refraction through, for example, the optical Ken- 
effect. This change can be measured with these highly accurate methods of 3D 
refractive index measurements and thus one can watch the electric field and the 
intensity of the laser propagating in the waveguide. Also it is indicated that methods 
using SPM techniques of heat sensing can also be used to watch such propagation of 
radiation as it heats the material in the waveguide or other structure. 

In addition to DIC one can also use a conventional far-field imaging system with or 
without DIC or with and/or without non-linear optical phenomena such as for 
example second harmonic generation and simply block at certain controlled positions 
the rays of light reaching a detector in transmission or reflection mode and this 
information, together with the exact 3D position from the atomic force sensor, can be 
used as a constraint with the calculations above to deconvolve high resolution image 
of the device under test. This approach also can be used effectively with difference 
techniques where the blocking is used together with differences in intensity when the 
probe is generally transparent but has a nanometric or larger opaque particle at its tip 
that either blocks or does not block the rays of the far-field imaging system from the 
position on the sample. This can be done transiently, for example, in intermittent 
contact or some other similar mode with the data collected at two positions in contact 
and at some distance from the surface. This will allow for difference spectra to be 
gererated. Obviously, the data can also be collected at multiple positions of the 
particle from the surface. These ideas can be extended to any techniques that use far- 
field optical imaging for example confocal Raman microspectroscopy. In some cases 
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these methodologies can be combined with evanescent wave illumination mstead of 
the conventional illumination that is present in all far-field optical microscopes. In all 
cases the use of an atomic force sensor directly correlated pixel for pixel with the 
optical imaging allows a very strict delineation .of the surface of the sample and this is 
a powerful constraint for the theoretical calculations. 

In addition, it is also realized that such iterative procedures of simulation, production 
and characterization can also use the data on refractive index profiles and other high 
resolution far-field methods as a parameter that can be minimized mathematically to 
give the best integrated solution with all the test parameters described above. This 
could be especially important in planar waveguide production with say femtosecond 
lasers as an on line monitor or refractive index changes both as a constraint for theory 
and for guiding subsequent fabrication. 

In addition, it is realized that near*field optics in reflection or transmission mode is 
also capable of refractive index information since the reflection or transmission from 
a device under test illuminated by a near-field optical element can give the index of 
refraction relative to a known refractive index, eg. Air. 

In addition, it is realized that the near-field optical element can be combined with 
fiber couplers etc to allow mixing of collected light that is illuminating the device 
under test in order to investigate phase properties also in the manner of a fiber 
interferometer with one of the arms being a near-field optical device. 

Thus, an important aspect of this invention is the realization of the criticality of near- . 
field optics as part of micro and nano fiber or other lens or other optical element 
production with defined properties and such definition was impossible before this 
invention. 

5.2.A.1.C Production Without Or With Tapering Using Pulling And/Or Mechanical 
And/Or Laser Polishing And/Or Heating, With And/Or Without Etching And/Or 
Writing And/Or Masking With Or Without Imposed Radiation And With Or Without 
Photoresist And/Or Other Similar Procedures And/Or Imprinting And/Or Molding 
And/Or Deposition 

The integrated procedures of production, that can now be guided by the simulations 
and characterizations noted above, lead to new horizons in such lens fiber production. 
One example, not to exclude others, is the fact that, before this invention, for fiber 
lens production based only on tapering the cladding, the waist diameter was based on 
the radius of curvature and the tapering angle that is achieved by the polishing or 
etching. On the other hand, as the simulations and characterization guidance has 
demonstrated tapering the fiber such that the cladding and the core are tapered and 
then using etching or polishing to simply alter the cladding and not the core permits 
an additional degree of freedom. Namely the fiber lens parameters depend now on 
the taper angle of the core, taper angle of the cladding, which is now independent of 
the core taper angle and the radius of curvature of the cladding. This allows for many 
advantages including the reduction of the waist diameter to be less than 3.5 microns, 
which has not been achieved by any method before this patent. In addition such 
manipulation allows for large coupling efficiencies to be achieved greater than 80 % 
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between an appropriate active waveguide (a laser) and the fiber lens acting as a 
collector or injecting light into a passive waveguide. 

Another result of this invention is that such ultrasmall diameters can be achieved with 
a control of the focal spot to a diameter of 0,25 microns in the wavelength regime of 
interest to the telecommunication industry between 1.3 and 1.6 microns. This has also 
been impossible previously even for larger spot sizes. Nonetheless, to achieve such 
control is crucial for the type of coupling eflBciencies demanded by this industry and 
without this invention there was no way to know what combination of the above 
parameters have to be employed in order to achieve these results. 

One emulation of this invention (not to exclude other emulations), is when the 
tapering of the fiber is done under laser heating with defined tension and defined 
cooling. For achieving the characteristics needed for this goal the heat has to be kept 
at a minimum while the tension is kept at a maximum with a cooling that has to be 
optimally controlled based on the results of the near-field optical characterization and 
its associated methodologies and the iterative theoretical simulations. The pulling 
gives a specific angle of taper to the fiber tip. The control of this waist diameter to a 
level of ± 0.25 microns depends on the exact characteristics of the taper and this needs 
to be accurately simulated and characterized together with the waist diameter of the 
beam and these parameters can be measured by including near-field optics and its 
associated techniques in this loop of iteration. It was not realized previously that such 
a closed loop had to be a critical part of the process of lens formation, which had to 
maintain Gaussian characteristics. In fact before this patent integral lens fiber makers 
publicly indicated the need to develop characterization tools. 

In addition, with such closed loop control we have realized that the spot size is not 
only related to the cone angle but is also related to the separation between the end of 
the fiber and the position to which the core extends. With the control that we can now 
exercise we can modulate the geometry and the nature of the laser-heating phase at 
the tip afl:er the tapering with tension, heating and cooling discussed above. In one 
emulation not to exclude others, we have accomplished reproducible coupling 
efficiencies of >80 % for a variety of lens parameters with such fine control . 

In another emualtion of this invention (Figure 5 A) not to exclude other emulations it 
was realized that for fiber lens production there was great importance to the 
protrusion that can be produced as a result of the pulling with tension, heating and 
cooling discussed above. The defined protrusion in the center of the fiber (5.1) has to 
be controlled depending on the parameters of the lens as characterized by the 
techniques discussed above. The protrusion allows us to control the centration and 
this has never been discovered as a parameter of crucial importance in such fiber lens 
formation. This protrusion is subsequently removed to defined distances with 
controlled etching as defined by the characterization. For example 30 minutes is 
needed to produce a geometry that modulates the curvature (5.2) of the protrusion as 
seen in Figure5B. Subsequent laser or other melting (see Figure 5C) is used to achieve 
the final parameters of the lens (5.3) as defined by the near-field optical results. . 

The parameters are recorded electronically and the subsequent detailed 
characterization of the resulting lens by procedures described above is crucial in 
setting the parameters (Figure 6). 
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Such simultaneous characterization of both the topography and optics is essential to 
achieve the type of registration between the parameters that permits spot sizes with 
accuracies of 0.25 microns to be achieved along with accuracies in the working 
distance of ±1 micron, which is at the very limit of diffraction. In addition, there is 
excellent centration of the resulting lens. 

In addition, the technology allows for lensing with high accuracy of the lens position 
to the point of the fiber that can be stripped with extreme accuracy of a few tenths of a 
micron (7. 1) using laser ablation of the stripped fiber with deep ultraviolet lasers 
Figure 7. 

Cantilevering (8. 1) the fiber can be achieved to direct the light at an angle relative to 
the direction of the main length of fiber (Figure 8). Onesetofparametersnotto 
exclude others is fiber bending at angles that can be varied firom 90 ^ to 0 (i.e. no 
bending). 

In addition, it is possible to use a combination of the techniques described above to 
achieve tapering with polishing and lensing at ninety degrees to the fiber axis or with 
appropriate coating to produce a beam splitter by coating a mechanical and laser 
polished lens on one face only or producing an elliptical structure on one side of a 
polished lens 

Usmg the above procedures a variety of shapes and combinations can be achieved 
with the control that is described above. 

It is worth describing another emulation of this invention, the formation of a 
cylindrical lens (9. 1) (see Figure 9), in which the interfacing of the technologies of 
the tapering with tension, heating and cooling discussed above combined with laser 
and mechanical poUshing guided by the simulation and characterization described 
above. 

In this case the lens made by the above procedure is subsequently polished firom two 
sides (180°) fi"om one another and then another laser step is introduced to smooth the 
rough polished surface to achieve the control and optical quality that is desired. With 
such a combined procedure it is possible to achieve a ratio of the elliptical axes of at 
least 1 :3. This is another emulation of these combinations but does not exclude other 
combinations. 

The combination also permits the achievement of optical phenomena in which not 
only can lenses be made with preservation of the polarization of a polarization 
preserving fiber but also conditions in which polarization can be achieved through a 
lens without the use of polarization preserving fibers. 

Also the deposition of metals on the stripped fiber for soldering and other 
requirements including magnetic attraction can be achieved with high accuracy 
relative to such fiber lenses both in terms of vacuum deposition and electrochemical 
and electroless depositions if the criticality of the characterization described above is 
applied in a closed loop to such fiber lens metallization. These depositions can be 
used to achieve hermetic seals to various packaging by combination with 
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electrocheniical deposition and the galvana plastic deposition of materials such that 
the material is deposited in a plastic form. They can also be used to achieve 3D 
depositions of the fiber by soft lithography techniques or controlled vacuum 
techniques with rotation together with the lensing procedures invented in this patent. 
The resulting structures can also be laser welded. 

All of the procedures described in this patent can also be used to other waveguide 
structures including those that can be microfabricated with silicon by the alteration in 
the refractive index of silicon by doping or other means. 

5.3 Aperture Formation 

These metal depositions can completely cover the lensed or the unlensed fiber tip or 
waveguides made of other materials as described below. Apertures can be formed on 
this structure by one of several means that are part of this invention. 

First, the process of nanoindentation (Figure 10) can be used to create a 
nanodimension opening (10.1) at the tip of the structure of the fiber or the side of a 
fiber that is polished at an angle at the end or at any point that is desired. In one 
emulation of this procedure the resulting structures can be controlled in terms of their 
optical output in an iterative way if the structure of the fiber aperture achieved is 
complexed with the light uiput and output both in terms of intensity and/or 
distribution. This will permit automation of such aperture formation using either 
nanoindentation procedures or other procedures that could produce nano openings and 
these include focused ion beam, chemical etching etc. Also a femtosecond laser can 
be used to produce a nanodimension opening using non-linear ablation. Also a 
process of laser or heat assisted nanoindentation is possible in which a device makes 
the nanoimpression and a laser or other device is used to transiently metlt the surface 
in which the indentation is to be created. Also, the metal depositions can completely 
cover the lensed or the unlensed fiber tip or waveguides so that an aperture or 
apertures can be formed on these structures by coating the device fully with metal and 
then dipping the fiber tip in a solution that will deposit a resin or other viscous 
solution on the surface such that at the lens because of its angles and interactions is 
not coated with the viscous solution and so a small region of the metal coating can be 
exposed and etched allowing for the coating to be in close proximity to the lens 
preventing subsequent problems such as vibrations and other mechanical or similar 
problems. . 

Obviously in all such procedures the characterization procedures described above are 
crucial and without this characterization the parameters of the procedure used could 
not be effectively adjusted. 

5.4 Other Solutions for Waveguiding and Lensing 

The approach described in the above in which accurate simulations are combined with 
unique integrated characterization are also critical to the fabrication of these and other 
components that can achieve lensing and/or waveguiding including mode convenors, 
muhi lens arrays and other solutions such as microelecromechanical approaches and 
silicon waveguides in which dopants are used to create waveguides in silicon 
substrates or femtosecond lasers are used to alter index of refraction in a variety of 
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materials. All these lensing or waveguiding solutions will not be able to achieve their 
desired results without the integration of the simulations and the characterization that 
are part of this invention. Only with such simulation and characterization can 
accurate parameters be defined and no previous invention has realized the criticality 
of such a closed loop of theoretical simulation, characterization methodologies and 
diverse production technologies including materials that require standard 
microelectronic and microelectromechanical febrication in order to produce defined 
lensing and/or waveguiding structures that are in glass and/or other materials with a 
variety of geometries including materials that require standard microelectronic and 
microelectromechanical fabrication. 

5.5 Fresnel or Dififractive Lens Formation 

In addition to the above, the invention, with its ability to combine simulation with 
fabrication and highly accurate characterization, also allows the integration of near- 
field optical photoalteration and/or atomic force microscopic lithography as a tool to 
add Fresnel and diffractive optical capabilities to the tip of a fiber either tapered, 
polished, untapered, previously lensed or unlensed. 

The method that we have discovered is that the fiber can be moved relative to a near- 
field optical tip through which a laser such as deep UV laser is passed. This permits 
' the formation of an altered index of refiraction at the tip of the appropriate fiber with a 
resolution that is sufficient to form a Fresnel lens or the formation of a pattern to form 
a dififractive optical surface. A deep UV fiber with a lens produced by this procedure 
or chemical etching or atomic force lithography or focused ion beam or any other 
method or combination of these methods that can change the refiractive index and or 
the topography of the core of the fiber with sufficient resolution can be used to 
produce such a Fresnel or diffi-active lens. 

Again, the theoretical simulation and near-field characterization described above is 
critical in this fabrication process. 

In addition to the above the techniques of deep UV lithography, with and without 
projection techniques, as used in the semiconductor industry and these can be used to 
form a pattem onto the fiber tip that can alter the index of refi-action or topography in 
a parallel fashion. This aspect of the invention can not only provide for focusing but 
can also provide for dispersion compensation and multifocal and other characteristics 
such as phase fi-ont correction, removal or imposition of birefiingence or removal of 
various aberrations in the resulting lenses. 

Again the iterative simulation and characterization tools described in this patent are 
essential for achieving these parameters. 

These lenses can be inserted into laser and mechanically polished tips in order to 
combine lenses with the beam splitters described above or other optical components at 
the tip of a fiber. 

The above procedures allow for any optical parameter that is allowed by Fresnel or 
diflBraction theory or other theories to be achieved. An example is a cylindrical lens 
with two axes having the same foci. Also as noted above the invention is also not 
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limited to uv laser radiation and other lasers can also be used such as ultrafest laser 
ablation and and/or index of refraction alteration by linear and multiphoton processes. 
Furthermore, as noted above laser or other methods of heat or other assisted and/or 
unassisted nanoindentation can be used to reproduce diffractive or Fresnel structures 
by such assisted nanoimpressions. 

With the guiding of the simulation and characterization that is a crucial component in 
this invention such diffractive optical elements can be combined with nanoapertures 
and a variety of materials to obtmn unique characteristics of guiding of light. An 
example is the formation at the end of a fiber for example of a diffractive optical 
structure in silver or gold or aluminum with an appropriate coating of a dielectric and 
an aperture appropriately placed. This could allow for the manipulation of the light 
by an interplay between tlie aperture light transmission and the plasmon 
characteristics of the metal for obtaining unique light manipulation. The dielectric 
material and the metal thickness and the number of layers can be modulated in order 
to achieve a match with the wavelength that needs to be manipulated. Such 
manipulation can range from no dielectric and only one layer of metal to different 
numbers of dielectric and metal layers with a variety of thicknesses depending on 
what characteristics are desired. All of this is guided by simulation and the near-field 
optical and SPM measurements that are the cmcial component in this patent. 

All of these unique lenses can be combined, as with all the lenses above, with and 
without Bragg gratings written into the fiber in the path of the fiber before the lens. 
The variety of procedures that the simulation and characterization of this invention 
allow permit the selection and order of the methodologies in order to lens a fiber 
Bragg grating without erasing the grating. 

In addition, the Fresnel or diffractive optical element can be produced on another 
fiber, which is spliced to the fiber in question. 

5.6 Solid Immersion Lenses 

In addition the processes described above can produce a solid immersion lens with 
high index fibers. In such a procedure before or after tapering a ball can be formed at 
the end of the fiber by laser melting and the ball can be subsequently polished by a 
combination of mechanical and laser polishing to produce a flat mushroom head that 
can act as a solid immersion lens. The ability to combine mechanical and laser 
polishing is crucial here since the surface of the polished surface has to be made 
optically of good quality with laser polishing. Once again an essential component is 
for the solid immersion lens to be simulated and characterized by the characterization 
tools described above without which the characteristics of the lens cannot be 
effectively achieved. 

In one emulation such a lens (1 L 1) can also be placed at the end of a cantilevered 
fiber (Figure 1 1) to provide the additional sensitivity of an integral atomic force 
sensor so that the solid immersion lens can be brought in contact or can closely 
approach a surface and also to sensitively align this lens relative to the illuminating 
microscope objective. In another emulation, not to exclude other emulations, such 
solid immersion lenses can be made with various polishing combinations, as 
described in this patent, so that it coul() have other geometries such that the flat 
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surface can be polished to a tip and coatings can be applied if so desired. These 
lenses can also be combined with Fresnel and diffractive lens characteristics. 

5.7 Mushroom and Ball Lenses with Handles and Other Controlled Divergence and 
Collimator Devices 

Other unique structures such as mushroom or ball lenses can be achieved with 
tapering and lensing with fibers and hollow tapered micropipettes and fibers where 
the subsequent heating with a laser can be used to form a mushroom (12.1) (see 
Figure 12) or ball lens (13.1) that can be used as a collimator with a handle (see 
Figure 13). Such a ball lens can be used to provide combinations unachievable by 
other methods such as large fibers that have tapers to concentrate light combined with 
lenses. Simulation and characterization can produce controlled divergence and 
subsequent ball lenses as described here can produce coUimation. An example of one 
application of this aspect of the invention is the need to concentrate large light sources 
into coUimated light sources to enter devices such as fibers with smaller diameters. 

In additon, the methods described in this patent in which the essential components of 
simulation and near-field and associated characterization are used to guide the 
fabricatioa as described above, can produce a lensed fiber in which the spot size at the 
focus is the same as the core diameter at a distance of upto 50 microns. 

Such ball lenses can be used as one such lens or multiple such lenses. For example in 
one emulation, not to exclude others, an integral fiber lens can be integrated with a 
ball lens to get a collimated beam of light that can then be used with a second ball lens 
or regular lens to get a very small diffiraction limited spot size. Such combinations 
can also allow for a working distance of an integral fiber lens to be extended. For 
such extension of the working distance from the fiber lens it is possible to get small 
spot sizes far away by, in one emulation not to exclude others, to have an integral 
fiber lens, one ball lens for creating a parallel beam and then another ball lens with an 
aperture to obtain the highest resolution at the longest distance away from this second 
ball lens. 

5.8 Multiple Pronged Structures 

In addition, the procedures described in this patent that include tapering and etching 
allow for structures in polarization maintaining fibers that permit for multiple pronged 
stmctures (see Figure 14) which can be used either uncoated or metal coated. In the 
case where coating is placed on these structures the structures can be used as electrical 
tweezers so long as the coating is produced on each of the multiple pronged structures 
in a way that the isolation between the metal coated structures is preserved. 

5.9 Tapered Metal Tipped and Molded Structures 

Tapered micropipettes with and without cantilevers can also be used for very 
controlled light concentration beyond the diflfraction limit. For achieving such 
concentration, in one emulation, a silver nitrate solution can be introduced into the 
appropriately tapered pipette and the pipette is inserted into a sugar solution for 
controlled lengths of time to form a nano seed of silver (14. 1) (see Figure 14). 
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This nanoseed can then be grown by electroless methods into a controlled 
nanoparticle of gold or silver or aluminum or a variety of metals that have plasmon 
resonances that can be used to concentrate light. 

The above procedure is only one emulation. Other emulations include putting the 
sugar in the pipette and the silver nitrate outside. Controlled pulling of the pipette out 
of the surrounding liquid to produce rod geometries at the tip of the pipette has also 
been discovered and the use of other combinations to deposit other metals at the tip 
are other emulations of this invention. Also other solutions that permit the formation 
of these and other metallic particles at the tip of such tapered micropipette or other 
structures are also part of this invention. 

In addition, other emulations include various combinations of illumination, heat etc 
during nanoparticle formation at the tip of these structures and these can alter the 
characteristics of the particle and is also an important part of the invention. 

The structure allows for the insertion of liquid in the hollow pipette structure to act as 
a cooling agent for the nanoparticle during illumination. 

Finally, such hollow tapered pipettes or other such devices in materials, that are not 
glass and that are cantilevered or not cantilevered, can be used to produce apertured 
waveguides by molding. In such an emulation, a tapered micropipette or other similar 
hollow device is coated with a metal or an opaque substance for the optical radiation 
that is being used. The hollow cavity is then filled with a liquid that will form into the 
shape of the hollow region. This liquid can be a melt or a solution that will turn into a 
plastic or any other material that will have similar qualities, i.e. a liquid that will 
harden into the structure of the hollow region. If the material that will harden will 
have after hardening a larger index of refraction it will act as a waveguide and the 
light will be confined by the opaque material surrounding the tapered pipette or 
hollow cavity. Obviously the simulation and the near-field optical and other 
characterization techniques are crucial in defining the structure, the refractive index 
and the light modulating properties of such devices. 

Similarly, tapered or untapered pipettes or other hollow devices could be filled with 
such hardening materials and with controlled pressure and controlled wetting the 
extent that the liquid will exit the opening can be controlled. If the exit of the hollow 
device filled with the liquid is then placed on a mold the exiting liquid will fill the 
mold and harden to form an optical element. Obviously, multiple such hollow tubes 
and multiple such molds can be used to automate making multiple device and/or to 
make multiple device arrays. Obviously, the essential characterization component of 
this patent can be used to characterize micro and nano lens arrays which are made 
with or without molds or with or without hollow tubes to make an individual micro or 
nano optical device or arrays of such devices and these characterization techniques are 
crucial for making such devices that were difficult or unable to achieve with the 
accuracy that is needed in today's industry. 

In another emulation, the amount of liquid exiting can be controlled to the extent of 
nanometric dimensions and then coated with metal, to make in one emulation, at the 
tip of say a force sensing device a nanometric dielectric ball covered by a metallic 
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coating to adjust the plasmon resonance to the wavelength of the laser being 
employed. 

Obviously, a variety of materials can be used including such materials as 
chalcogenides, not to exclude others, that have high non-linearity or some other 
property. Such structures could be modulated with electric fields to be used as 
switches. Also combinations can be achieved such that inverse and/or disposable 
and/or transparent and/or selectively filled molds are used in order to make structured 
waveguides with photonic band gaps in such hollow cavities. 

The nature of these elements can be simulated by the theory and characterized with 
near-field optics which is crucial in all these areas. 

This will be a very rapid way to produce the elements described that is easily 
auton[iated. Obviously the size of the hollow opening could be adjusted to match the 
dunension of, for example, fibers in the network for easy splicing. . 

5.10 Stripping 

In all of the above plastic claddings around the fiber elements can be effectively 
removed with very high resolution using deep uv radiation lasers. This provides for 
high aspect ratio removal of the plastic coating of fibers for metal deposition (see 
Figure 7, 7. 1). The nature of the stripping can also be characterized with the 
characterization techniques described above. 

5.1 1 Couplmg of Various Fiber Structures Made By The Above Procedures 

5,11.1 Tapered Multimode Fiber Transforms Multiple Modes Inside Such A Fiber To 
A Single Mode With High Coupling Efficiency 

The number of modes that a multimode fiber can support depends on its numerical 
aperture (NA), on the wavelength of light {X ) and on its core radius (r ). The smaller 
the core radius, the less the number of modes that the multimode fiber can support. If 
the core radius is less than some critical value then only a single mode can be 
supported by the fiber. 

In the tapered multimode fiber the core radius gradually changes from large to small. 
When the core radius in such a fiber becomes smaller than the above-mentioned 
critical value, only a single mode can propagate in the fiber. 

The interesting question here is what happens with the rest of the modes in the tapered 
multimode fiber. One can think that the higher modes will reflects back in the tapered 
region of the fiber or its energy will difiEuse to the cladding region. 

Part of this invention are parameters of the tapered multimode fiber (tapered angle 
and radius of curvature at the end of the fiber) under which the multimode fiber acts 
as a transmitter or coupler from the multimode to the single mode regime with as high 
a coupling efficiency as 50 percent or higher. In such a device higher modes inside the 
multimode region of the fiber gradually transform into a single mode as the end of the 
tapered fiber is approached. 
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To demonstrate this effect, in one emulation, we have taken a multimode FMSD fiber 
with a cove diameter 50 um and NA 0.2. It was tapered by a pulling procedure with 
laser melting at the end of the fiber. The core diameter at the end of the fiber was 
about 4 um. Laser light (A =1.5 um) was coupled into the fiber. In order to determine 
the waist diameter of the lensed fiber in the focal plane a near-field optical image has 
been obtained. In Figure. 15 the results of the measurements are shown. The focus was 
reached at a distance of 12 microns from the surface. The waist diameter of 3.8 
microns was obtained. 

The maximum coupling efiSciency between two optical devices can be reached when 
they have the same NA's and waist diameters. We have simulated the production 
techniques that allow for this to be achieved and have characterized the result without 
our characterization techniques in order to go through the iterative loop to match the 
mode field diameters in this coupling between the two fibers. 

Therefore, the single mode lensed fiber with waist diameter 3.8 microns and working 
distance 15 microns in the focal plane has been used in this emulation of the invention 
but other values can also be used that fit the fiindamental aspects of this invention. 

the waist and mode field diameter and working distance of the single mode lensed 
fiber were also determined using near-field optical techniques. The results of the 
measurements are shown in the Figure 16. 

The coupling efficiency between multimode lensed fiber and single mode lensed fiber 
was measured using laser light of 1.5 um. The coupling efficiency 64% has been 
obtained. 

5.12 Simple Devices for Rapid Characterization Based on Near-field Integrated with 
Far-field Optical Characterization and with Atomic Force Far-field Feedback and 
Imaging Combined with Light Wave Measurements 

For the characterization described above a near-field optical system completely 
integrated with far-field optical characterization and with atomic force imaging and 
other scanned probe methods (SPM) can be used. Often however simpler devices for 
this particular application are requked. As part of this invention we describe a simple 
device that allows for active feedback to keep the device under test and the probe 
fiber in highly stable contact without pigtailing. One emulation of the device consists 
of a probe holder 17.1 and a device under test holder 17.2 that is composed of 
stractures that permit atomic force sensing between the probe and the device under 
test. For such testing the probe fiber can be glued to a tuning fork for feedback or can 
be illuminated with a probe laser beam. In both cases the probe fiber sits in a 
piezoelectric device, 17.3, and is modulated a few Angstroms relative to the face of 
the device under test. The piezo device as shown in 17.3 can be a cylindrical piezo 
device that has x, y and z motion. As the probe fiber approaches the device under 
test the fi-equency and amplitude of the modulation changes and this is monitored by 
either the tuning fork or the probe laser. 

A preferred embodiment of this invention is that the probe fiber is not glued to the 
tuning fork but rather the tuning fork and the probe fiber are both held in piezoelectric 
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devices that can bring the probe fiber and the tuning in close proximity to one another 
until the tuning senses the probe fiber. Then as the probe fiber is slightly modulated 
in close proximity to the tuning fork it approaches the device under test. When it gets 
in close proximity to the device under the test the tuning responds to the change and 
the feedback loop is engaged to keep the probe fiber with greater stability (upto 0.002 
dB) relative to the device under test. Under this condition, near-field optical profiling, 
light wave measurements for return loss etc (which, as part of this invention, are also 
very important for monitoring the nature of the optical surfaces produced in the 
optical elements that are generated and other parameters both near and far-field 
including topography can be measured without pigtailing. In essence the invention has 
demonstrated that the atomic force sensing acts as an electronic glue to keep the 
device and the probe steady with respect to one another. The device allows for 
stability, repeatability and reproducibility with upto 0.002 dB. The device also allows 
for on-line viewing of the probe and device under test with an optical imaging system 
(not shown in Figure 17). 

Also in another emulation, not exclude other emulations the device that measures the 
position of the probe fiber can be a lensed fiber itself as described in this patent or two 
lensed fibers as can be produced by pulling fibers in a two channel micropipette by 
the procedures in this patent. With either one lensed fiber or with two lensed fibers or 
with two or one fiber without lenses the probe fiber position can be accurately 
measured as it approaches a surface. This is accomplished by sending light through 
these devices onto the probe fiber and then measuring the reflected or the transmitted 
light so that as the probe fiber fi-equency, amplitude and/or position changes as it 
approaches the sample. The probe fiber and the detecting and illuminating fiber can 
be either glued together at the appropriate position or held with piezo devices at a 
defined position. 

The essential invention in this and other devices is the realization that today the 
worlds of nanopositioning, light wave measurements and imaging are separate worlds 
and this invention integrates and brings these worlds together. Also as part of this 
invention is the realization that these devices that affect such an integration allow for 
on line tests and measurements of the type described in this patent as an important 
part of the manufacturing process in which one device is connected to another device 
with appropriate means. In this vein it is important to realize that other emulations 
will allow for three column devices in which one device and two fibers could be 
handled in one system. 

5.13 Automation 

All of the procedures described above are easily amenable to automatic fabrication. 
This invention includes a complete automated system that includes each of the steps 
or combinations of steps fi'om the theory of simulation of fiber lenses that is included 
in a program of a computer controlling the automated process to characterization as 
described in this patent and complex fiber handling including pick-up etc, tapering 
under tension and heat, etching, controlled lensing of protrusions, mechanical 
polishing, laser scribing, etc including all the steps described in this patent. 
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These procedures can also include the components of this invention that include laser 
and other methods of index of refraction alteration and other procedures described in 
this patent. 

However, the critical components in the process are the simulation and 
characterization methodologies described in this patent. These allow in an interative 
fashion the production of the optical elements described in this patent in an automatic 
fashion. They work even more efficiently in an automated machine based on these 
principles since the iteration reaches its ultimate efficiency. In addition an automatic 
machine also blends very effectively with making multiple lenses on a fiber bundle. 

5.14 New Inventions of Simpler Optical Devices & Combined Structures That Result 
from the Optical Elements Achieved by the Inventions of This Patent 

5. 14. 1 The Scanning Integral Lensed Fiber Based Confocal (SILC) Microscope 

One of the results of the optical elements that can be achieved by the inventions of 
this patent are extremely small spot size lenses that are integral with optical fibers. As 
noted above diffraction limited spot sizes can be achieved. This means that in the 
visible region of the spectrum this can be as small as 0.5 microns. In addition as 
noted in section 5.2. A. 1 .c these stmctures can be cantilevered. This means that theyP 
could fit neatly under the lens of a microscope. With such a lensed fiber or straight 
lensed fiber that can now be made by the simulation and characterization techniques, 
that are part of the inventive step of this patent, we have invented a simple scanning 
integral lensed fiber based confocal (SILC) microscope. This uses the same piezo 
technology that was described in section 5. 12. Such a device would readily replace 
complicated beam scanning confocal microscopes with much higher throughput, 
collection efficiency and resolution than conventional confocal beam scanners. The 
latter arises from the fact that the integral fiber lens is scanned. This means that all 
aberrations except spherical aberration is eliminated. Usually only sample scanning 
can achieve, such resolution. In addition lens fiber bundles could increase the 
scanning speed by orders of magnitude. This would be similar to Nipkow disc 
scanning without the problems o the Nipkow disc. The optical path in such a SLIC 
microscope would be that the light would be passed through the fiber and collected by 
the same fiber and then put either through a fiber splitter or a dichroic filter. This 
would also include returning fluorescent light. The lensed fiber could be cantilevered 
if it is to be slipped under the lens of an upright microscope or it can be placed on an 
inverted microscope or placed opposite from the lens of an upright microscope. 

An alternate emulation would be to place a fiber (19.1) with or without a lens in a 
piezo tube scanner or other device capable of scanning a fiber (19.2) for scanning and 
this combination is placed in a port of a microscope or similar device. The tube lens 
of a microscope or a ball lens (19.3) as described in section 5.7 would make a parallel 
beam (19.4) and then the objective lens of a microscope or another ball lens (19.5) 
will create a spot on the sample (19.6). 

In one emulation, the piezo tube scanner could scan the beam and the lens of the 
microscope can cause a focused spot. Such a combination could form a diffraction 
limited spot on the sample and the lens could collect the light with high efficiency and 
send it back through the fiber through which the illumination was accomplished. A 
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fiber splitter could separate the excitation and the detection. In addition, the channels 
of Illumination and detection could also be separate. With the illumination through 
the fiber and the detection through another channel which can be attached to another 
optical path in the microscope which can have a large area detector including a charge 
coupled device for detection. In the case of the detector being a charge coupled 
devipe the scan of the fiber can be adjusted to fall on a different pixel of the charge 
coupled device and the software for reading the charge coupled device is adjusted to 
register the fiber position with the pixel of the device or some other software or 
hardware arrangement that permits knowing the pixel being illuminated. Also 
multiple fibers can be scanned also to get more parallel illumination. 

Such a system that creates a diffraction limited spot is important not only for the 
highest resolution and/or super-resolution beam scanning confocal microscopy with 
the highest throughput but, also in terms of the invention described in 5.2 A lb of 
blocking the radiation with an opaque particle such high resolution confocal imaging 
IS essential. In this later case it is better to scan the sample whUe keeping the fiber 
illuminator here fixed. Alternately, one can scan the particle in concert with the fiber 
beam scanner described in this section. Thus, the combination of these two 
inventions of very high resolution, very high througput confocal with radiation 
blocking for imaging allows for new instrumentation and new resolution barriers to be 
crossed in optical imaging. Obviously, the blocking by a particle can be done in 
mtermittent contact mode so that data can be coUected at different positions of the 
probe to the surface and difference images can be generated fi-om the collected data 
It is also possible that the particle can be scanned in unison with the fiber. It is also 
possible to use multiple fibers and multiple or particles. Also in another emulation 
the particle can be a particle that enhances rather than obscures the signal and this 
would occur if the particle had a plasmon resonance at the fi-equency of illumination. 

Obviously the devices described m this section in all emulations could also be used 
for mulitphoton microscopy. In aU cases in this approach the lens sample distance 
can be adjusted to view different optical planes. 

The technique described in this section can be very effectively applied to data storage 
applications including magnetic storage in read only or read and write systems with 
and without the use of opaque or enhancing particles. In one emulation of magnetic 
optical storage writing of bits can be modulated with a nanometrically controlled 
opaque particle that can be raised fi-om the surfece for heating directly with the 
illumination or illuminated with higher intensity while the particle is on the surface to 
transfer heat to the surface for writing. The position of the particle can be modulated 
either by varying the speed in flying head technology or some other active or passive 
feedback technique with the particle position adjusted either for writing or for high 
resolution reading. Also other emulations can be conceived with the particle being an 
enhancing particle with a plasmon resonance at the frequency of illummation. 

5.14.2 Light Scanners 

The high resolution provided by lensed fibers based on the inventive steps of this 
patent also has implications for other light scanning devices such as scanners for 
printers, copiers etc. For such applications the invention considers also lensed fiber 
bundles that could also be of use in such light scannmg devices. 



21 



5. 14.3 Data Storage Systems Based on Lensed Fibers 

?^ ? of integral lensed fibere with and without cantilevers 

and the diffraction limited performance that these lenses can achieve can give very 
high resolution spot sizes with these spot sizes being even smaller at shorter 
wavelengths. In addition, these micro lenses are not only have inherent minimal 
abeiration because of their size but also are produced with such high quality because 
of tiie sunulation, the characterization and the multi step methodologies that are a 
cntical part of this patent. In addition, these geometries of cantilevered fibers with 
such high quality integral lenses form very good elements for presently available 
flying head technology m data storage devices. Thus, passive feedback can raise the 
integral lens fiber that can be made with a short focal distance. Obviously as 
desoibed in this pat«it. a fiber based solid immersion lens can be made with the very 
light properties of a fiber and again this could be complexed to flying head technology 
of data storage which could keep the solid immersion lens in the neifield. 

5.14.4Combined Optical, Thermal and SPM Sensors 

Sw^J^^'wi.t'^"''^^.^' P^^^"* ^"Jtiple layers of metal 

solated vjath layers of a dielectric such as silicon dioxide with contacts of the metal 
layers at the lens of the device. Such devices can act also as optical and thermal 
sensing devices and such devices can be made with force constants that will allow 
either m then: cantilevered or straight form for the devices to act as atomic force 
sensors for measuring topography and other scanned probe microscopy parameters 
such as electrical properties. yy t^uiaiu^ici:. 

This is only one emulation of such multiple coated devices. Other emulations, not to 
exclude still other emulations, mclude such probes which are tapered and coated but 
do not have lenses. 

In addition, there are other cases where such multiple coatings can produce at the tip 
of such optical fiber and other similar elements, light detecting and producing 
structures. In addition, other devices not to exclude other emulations can include a 
l^^ri or other device with multiple metal and separating dielectric coatings so that 
as the device, which is flexible, bends and the resistance of the material be^een the 
metal coatings will change. Such devices have the potential to approach surfeces with 
teedback based on the alterations in the resistance or other electrical parameter and 
abS^^° ^ ^ *^»ermal resistor and also could have optical properties as noted 

6. Advantages Over Prior Art 

Simply stated there has been no similar approach suggested for micro and nano 
optical element formation where it was realized that a crucial connecting technology 
was near-field optics that aUowed the fabrication of a wide variety of elements that 
are required m industry today. . 

7. Applications 

Applications encompass all areas of optics. 



22 



Document made available under the 
Patent Cooperation Treaty (PCT) 

International application number: PCT/US03/032741 

International filing date: 06 November 2003 (06.11.2003) 

Document type: Certified copy of priority document 

Document details: Country/Office: IL 

Number: 152675 

Filing date: 06 November 2002 (06.11.2002) 

Date of receipt at the International Bureau: 12 December 2005 (12.12.2005) 

Remark: Priority document submitted or transmitted to the International Bureau but not 
in compliance with Rule 17.1(a) or (b) 




World Intellectual Property Organization (WIPO) - Geneva, Switzerland 
Organisation Mondiale de la Propriete Intellectuelle (OMPI) - Geneve, Suisse 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 



□ REFERp^CE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




COLOR OR BLACK AND WHITE PHOTOGRAPHS 



□ gray SCALE DOCUMENTS 




LINES OR MARKS ON ORIGINAL DOCUMENT 



